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Abstract
Recent research has suggested that segments of a whole muscle that have a line of
action closely approximating the direction of intended joint movement (prime mover
segments) are activatedfirstand display the highest amount of myoelectric activity
compared to segments with more divergent lines of action (synergist segments).
However, h o w individual segments of muscle groups are selectively activated by the
central nervous system ( C N S ) to effectively co-ordinate both static and dynamic tasks
about a joint remains unresolved. Therefore, the purpose of the present study w a s to
investigate the activation patterns of intramuscular segments within a group of three
shoulder muscles during the performance of static and dynamic shoulder joint
contractions. Three experiments were performed. The first experiment involved a
cadaveric dissection in which the degree of anatomical segmentation, nerve branch
patterning and segmental geometry was determined. The second and third experiments
then examined the function of the identified anatomical segments in both static and
dynamic contractions around the shoulder joint. Miniature surface electrode pairs
(interelectrode distance of 7 m m ) were positioned over the predetermined anatomical
segments of the pectoralis major, latissimus dorsi and the deltoid in 16-20 healthy male
volunteers (aged 18-30 years) while they were seated in an experimental chair.
Electromyographic ( E M G ) data was sampled at 1000 H z whilst the subjects performed
either static (second experiment) or dynamic (third experiment) shoulder joint tasks.
The static protocol utilised shoulder joint tasks such as abduction, adduction, flexion
and extension tasks at various intensities of contraction ( % M V C ) and at varying
shoulder joint angles whilst matching an idealised force-time curve displayed on an
oscilloscope. The dynamic protocol utilised rapid shoulder joint adduction and
extension movements in which some of these movements were unexpectedly increased
or decreased in load. E M G waveforms from the two E M G experiments representing
each muscular segment were rectified and low passfiltered(20Hz) and their temporal
characteristics determined relative to the force-time record (static experiment) or
electrogoniometer (dynamic experiment). Various intensity measures were also used to
determine the extent of functional differentiation. Results indicated that timing and
intensity of individual muscle segments were highly co-ordinated both within the one
muscle and between different muscles. Consistent with previous research (Paton &
Brown, 1994; Paton & Brown, 1995), those segments with the most conducive line of
action for a particular task were usually activatedfirstand displayed the highest levels
of myoelectric activity. It Was concluded that the notion of individual muscle segments
acting as muscles within muscles to allow the C N S tofinetune the activity of skeletal
muscles to efficiently meet demands of an imposed motor task was confirmed.
Furthermore, the study provided insight into neuromotor strategies utilised by the
central nervous system to effectively co-ordinate the activation patterns of
intramuscular segments within groups of muscles surrounding the shoulder.
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Glossary/Explanations
Activation Pattern - Refers to the various aspects of each segmental EMG

waveform such as its amplitude, duration, type of EMG burst, onset (activation), off
(deactivation) and peak amplitude.

Agl - The first component ofthe triphasic EMG burst for agonist muscles/segments.

Note that the term "first EMG burst" is used in preference to Agl when describing t
first EMG burst for both agonist and antagonist segments.

Ag2 - The third and final component ofthe triphasic EMG burst for agonist
muscles/segments. Note that in any one movement antagonist segments did not show
any evidence of two bursts and hence Ag2 is used exclusively for agonist segments.

Agonist - a general term for a segment that produces the desired joint movement;
constituting both prime mover and synergist segments.

Anatomical Segmentation - Segmentation of a muscle by anatomical criteria
(see Chapter 3, methods).

Ant - The second component ofthe triphasic EMG burst pattern involving antagonist
(Ant) muscles/segments.

Antagonist - a general term for a segment that opposes the action ofthe agonists as
defined by the location of its line of action in relation to the joint centre.
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C o n t r a c t i o n - A term that is commonly used to describe eccentric, concentric and

static contractions. It is acknowledged that by strict definition this term applies o

shortening muscle lengths but will be used for all types of contraction for consisten
and to avoid confusion.

Dynamic Task - A rapid shoulder joint movement in which specific task
requirements need to be attained for successful completion. These requirements could

include the attainment of a specific direction, a desired level of intensity or a giv
period in which to perform the particular task.

Functional Differentiation - When segment/s of a muscle exhibit significant

(p<0.05) difference/s in their activation patterns (onset, duration, %MVC or some oth

measured difference) in comparison to other segment/s within the same muscle during a
particular task. All parts (segments) of a muscle are basically not functioning as a
single homogenous unit.

Functional Segmentation/Functional Segment - Segmentation of a
muscle by functional criteria (eg, differences in EMG waveforms; see Chapter 4).
Synonymous with functional differentiation.

Henneman's Size Principle - A principle governing the orderly recruitment of
motor units whereby motoneurons within a particular motor nucleus are recruited in
order of size from the smallest to the largest.
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I n d e p e n d e n t S e g m e n t a l Activation - W h e n a segment exhibits significant
(p<0.05) difference/s in its activation patterns (onset, duration, %MVC, type of EMG
burst or some other measured difference) in comparison to its anatomically adjacent
segment/s within the same muscle during a particular joint action. The level of

independent segmental activation within a muscle is therefore dependent on the exten
of functional differentiation within that muscle.

Intermuscular Segment Coordination - When certain segments of two or

more different muscles act together as a single functional unit (no significant (p<0
differences between them).

Intramuscular Segment Coordination - When certain segments ofthe one

muscle exhibit activation characteristics that would indicate a degree of coordinati
This is shown in the sequential onset of anatomically adjacent segments.

Intramuscular Segment - A portion/part of a particular muscle as defined by
anatomical, geometrical and/or functional (functionally differentiated) means.
Synonymous with 'segment'.

Line of Action - a straight line connecting a segments origin (or pseudo origin) to

its insertion. Also known as 'straight line of action model'. Note that when referenc

made to an 'efficient' line/s of action for a particular segment/s it means that the

action for that segment/s enables the majority ofthe force generated in its constitu
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fibres to be directed, and hence move the limb, in the plane of movement that is

required for the particular task. An 'oblique' line of action will refer to all othe

segmental lines of action for the particular task that are not as efficient. The ma

force generated in the fibres of these segments will not direct the limb in the pla
movement that is intended but will direct the limb somewhat oblique to the task
direction.

Modus Operandi - From the Latin, meaning a method of operating.

Movement Vector - The anatomical plane in which the movement is taking place

Multisegmental Muscle - A muscle that has been identified as consisting of
multiple segments.

Neuromuscular Compartment - "a distinct subvolume of a muscle innervated
by an individual muscle nerve branch and containing motor unit territories with a
unique array of physiological attributes" (English, Wolf, & Segal, 1993).

Prime Mover - A more specific term used to describe the segment/s that play the

major role in producing the desired joint movement. These segment/s are characteris
by early onset's, high amplitudes and appropriate line/s of action for the intended
action.
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P r i m a r y A n t a g o n i s t - A more specific term used to describe the antagonist
segment/s that play the major role in braking a rapid shoulder joint movement. These
segments display characteristic late onset's and high amplitudes during rapid arm
movement.

Secondary Antagonist - The second type of antagonist segment that aids the
primary antagonist segment/s in braking a rapid shoulder joint movement. These

segments are characterised with earlier onset's and lower amplitudes during rapid arm
movement in comparison to the primary antagonist segment/s.

Segment - A portion/part of a particular muscle as defined by anatomical,
geometrical and/or functional (functionally differentiated) means. Synonymous with
'intramuscular segment'.

Segmentation - the presence of segments within a particular muscle.

Static Task - A shoulder joint task in which muscle activity is present but no visible
limb movement is apparent. Specific requirements need to be attained for successful
completion ofthe task. These task requirements could include a specific direction, a
desired level of intensity or a given time period in which to perform the particular

Synergist - a segment that aids the prime mover in producing the desired joint
movement.
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Triphasic E M G burst - A three burst pattern (triphasic) of E M G activity involving
antagonistic muscles that is characteristic ofthe neuromotor control of rapid limb
movements (see Literature Review).

Wave of Activation - The sequential activation (from the earliest activated
segment) of anatomically adjacent segments. A common occurrence seen in the onset
times of segments during both the static and dynamic tasks.
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CHAPTER ONE
General Introduction

Intrinsic to the design ofthe musculoskeletal system is the seemingly abundant
number of skeletal muscles surrounding synovial joints. This apparent redundancy
of skeletal muscle tissue offers the central nervous system many possible
combinations of muscle action to perform a particular movement. Additionally, with
many of these muscles possessing multiple lines of action it may only be necessary,
and more efficient, for certain segments (portions or parts; see glossary) of a muscle
(intramuscular segments) to be activated in order to achieve the desired outcome.
The objective of this thesis will therefore be to:

• investigate the activation patterns of these intramuscular segments in order to
provide insight into why the central nervous system may independently activate
certain segments of skeletal musculature to produce voluntary movement at
synovial joints.
• investigate the activation patterns of these intramuscular segments in order to
provide insight into the extent to which muscles can be functionally segmented.

The ability of a single muscle to produce a range of force vectors by selectively
activating its intramuscular segments has been previously termed "functional
differentiation" (Pare, Stern, & Schwartz, 1981) with numerous studies supporting
this phenomenon (Beam, 1961; Campbell, Norman, Biggs, Blanton, & Lehr, 1973;
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Inman, Dec, Saunders, & Abbott, 1944; Pare et al., 1981; Ringelberg, 1982;
Scheving & Pauly, 1959; Shevlin, Lehmann, & Lucci, 1969; Soderberg & Dostal,
1978; Yamshon & Bierman, 1949). Inherent in these studies, which used
electromyographic techniques, was that the myoelectric waveforms, representing

motor unit activity, varied across the surface ofthe muscle during any one particular
movement, or when movement direction was altered. This implied that motor units
within different regions of a particular muscle may be controlled independently of
one another.

More recent studies have found that the segment whose line of action most closely
approximated the plane of movement was activated first and showed the greatest
amount of relative myoelectric activity (Brown, Solomon, & Paton, 1993; Paton &
Brown, 1994; Paton & Brown, 1995; Wickham & Brown, 1998). Implicitly, this
suggests that the activation of a particular segment is determined by a mechanism
that takes into account its mechanical action at the joint thereby emphasising the
need to consider the biomechanical/geometrical factors ofthe muscle segments
involved. These studies also showed evidence for the existence of prime mover,
synergist and antagonist segment classifications within a single muscle dependent on
the movement performed; these classifications being usually identified with whole
muscle function. Additionally, further studies have shown a synergistic relationship

of specific segments from different muscles to also assume these classifications with
specific segments ofthe pectoralis major and latissimus dorsi acting as prime mover
segments during a static shoulder joint adduction task as evidenced by their
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significantly earlier activation and higher relative myoelectric activity (McAndrew &
Brown, in press).

A possible neurophysiological basis for the phenomenon of segmental muscle
activation, is the concept of a "neuromuscular compartment" (English & Letbetter,
1982; English & Weeks, 1984; Segal, 1992). Neuromuscular compartments have
been described as "distinct subvolumes of a muscle, each innervated by an
individual muscle nerve branch and each containing motor unit territories with a
unique array of physiological attributes" (English et al., 1993). A similar
organisation has also been found for parent motoneurons in the spinal cord (Weeks
& English, 1985; Weeks & English, 1987). These studies emphasise the need to
carefully examine the anatomical structure of a muscle before more functional
analyses proceed in order to enable a more thorough explanation of functional
differentiation when differences in segmental electromyographic (EMG) waveforms
become apparent.

Although the evidence for functional differentiation is abundant, much ofthe
research has typically involved the use of too few electrode sites on broad radiate
musculature (Beam, 1961; Ringelberg, 1982; Scheving & Pauly, 1959; Shevlin et
al, 1969; Yamshon & Bierman, 1949) or have omitted temporal aspects ofthe EMG
signal from the analysis (Paton & Brown, 1994; Paton & Brown, 1995).
Furthermore, the majority of these studies have used static contractions in their
experimental paradigms with a lack of experimentation into segmental activation
patterns during rapid dynamic tasks; movements more indicative of everyday motor
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acts. Fast dynamic tasks elicit a typical triphasic E M G burst pattern (see glossary)
for agonist and antagonist musculature (Angel, 1975; Angel, 1977) but evidence as
to whether these typical EMG patterns would be apparent when recording from
multiple agonist and antagonist segments is to the author's knowledge absent.
Hence, it would be interesting to speculate on an outcome which involved a protocol
aimed at producing multiple bursts from the same segments interspersed with EMG
bursts from other segments when implemented in an experimental paradigm. Is the
same extent of functional differentiation, which is evident in variables such as a
segments initial activation (onset) and its intensity of activation (% MVC), also
apparent in the type of EMG waveform (burst morphology) itself? For example,
could there be differences apparent in the shape (multiple or single peaks), length
(long or short EMG bursts) and number (single or multiple bursts) of EMG
waveforms produced by individual segments ofthe same muscle when fast dynamic
tasks are employed? With the triphasic EMG burst pattern considered to be
preprogrammed (Hallett & Marsden, 1979; Hallett, Shanani, & Young, 1975;
Palmer, Cafarelli, & Ashby, 1994), differences in EMG burst patterns across the
breadth of a muscle would possibly indicate a preferential preprogramming of only
certain segments of a muscle. Furthermore, existing theoretical models on muscle
co-ordination, in which the triphasic EMG burst pattern forms an integral
component, do not incorporate, or consider, sub-populations of motor units into their
framework (Feldman, Adamovich, Ostry, & Flanagan, 1990; Gottlieb, Corcos, &
Agarwal, 1989; Latash & Gottlieb, 1991a). It is therefore likely that these models
will not be able to account for possible differences in electromyographic activity
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which m a y be apparent between segments across the breadth of a muscle,
particularly those of broad origin.

Therefore, this thesis will attempt, in part, to add to the existing knowledge of why
certain segments of muscles are preferentially activated by the central nervous
system to produce a particular joint action. To achieve this desired outcome, the
thesis will consist of three experiments. Firstly, an anatomical/biomechanical
experiment will describe the segmental anatomy, nerve branch patterning,
biomechanics (eg, moment arms) and segmental geometry (lines of action) of three
large surface muscles around the shoulder joint. These muscles will include the
pectoralis major, latissimus dorsi and the deltoid. Secondly, a surface EMG
experiment involving static shoulder joint contractions, encompassing different
directions, varying percentages of a maximal voluntary contraction (% MVC) and
differing muscle lengths, will establish the function of segments within these three
muscles during static tasks. Thirdly, segmental activation patterns will be further
investigated during dynamic tasks with a third experiment involving an EMG
analysis ofthe same segments this time during the performance of rapid shoulder
joint movements. In addition to the functional differentiation analyses, this
experimental paradigm will allow the triphasic EMG pattern to be reinvestigated in

regard to its applicability in describing the activation patterns across the breadth of
large radiate agonist and antagonist muscles. Furthermore, with the use of
unexpected movements added to the third experiment a popular theory of motor
control, the Equilibrium Point Hypothesis (Latash, 1993; Latash, 1994; Latash &
Goodman, 1994; Latash & Gottlieb, 1991a; Latash & Gottlieb, 1991b), will also be
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examined with regard to its applicability in accounting for the E M G waveforms from
segments across the breadth of these radiate muscles.

Aims and Hypotheses
Aims
1. To quantify the structure of three shoulder joint muscles, with particular
reference to the anatomy, innervation, geometry and biomechanics of
their intramuscular segments.
2. To quantify the function of intramuscular segments with regard to:
a) static vs dynamic tasks
b) direction of task
c) force of contraction
d) their anatomical location (line of action).
3. To more fully understand the neuromotor activation patterns of muscle
segments both within the one muscle and across groups of muscles acting
over a joint.

Hypotheses
1. Pectoralis major, latissimus dorsi and deltoid will exhibit anatomical
segmentation, primary nerve branching to different segments, and
differences in segmental lines of action and m o m e n t arms.
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2. Similar activation patterns amongst segments will be apparent for both
the static and dynamic tasks.

3. The direction of movement and the force of contraction will alter a
segments activation pattern.

4. Segments with the most efficient (see glossary) line of action for a
particular joint action will be activated first and will display higher
myoelectric intensities when compared to segments with more oblique
(see glossary) lines of action during both static and dynamic shoulder
joint tasks.

5. The triphasic EMG burst partem and the Equilibrium Point Hypothesis
(Latash, 1993; Latash, 1994; Latash & Goodman, 1994; Latash &
Gottlieb, 1991a; Latash & Gottlieb, 1991b) will be unable to describe the
activation patterns of all segments across the breadth of a multisegmental
muscle.
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CHAPTER TWO
Literature Review
This literature review consists of three major sections that specifically relate, in

order, to the three experiments utilised in this thesis. Initially, Section A will revie
both anatomical and neurophysiological evidence for skeletal muscle segmentation
by reviewing muscle architectural and compartmentalisation studies as well as
musculoskeletal geometry. It should be noted that within this section and any other
part ofthe thesis for that matter, the term neuromuscular compartment or
compartmentalisation, will be used when describing muscle subunits delineated by
nerve branching patterns. Furthermore, for consistency, the term segment will be
used, where possible, for all other purposes. Section B will review various
functional studies that have indirectly shown, particularly through electromyography,
independent activation patterns (see glossary) within segments ofthe one muscle;
this being mainly from static contractions. Finally, Section C will focus on the
neural control of movement with particular reference to the triphasic pattern of EMG
bursts seen in antagonistic muscles during rapid single joint movements; this being
from dynamic contractions. This section will also review some ofthe more popular
theories of motor control, as one of these theories will be tested in this thesis.

Section A: Anatomical and Neurophysiological
Evidence for Skeletal Muscle Segmentation
Early observations of human skeletal muscles by prominent anatomists (Gray, 1858;
Vesalius, 1543) and later authors (Moore, 1992; Snell, 2000) indicate that single
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skeletal muscles m a y be subdivided into smaller segments based predominantly on
their gross anatomy. Examples cited in these texts include the anterior, middle and
posterior segments ofthe deltoid and the clavicular, sternocostal and sometimes
abdominal segments ofthe pectoralis major. Further examples include the upper,
middle and lower segments ofthe trapezius, the long and short heads of biceps
brachii and the medial and lateral heads of gastrocnemius. These previous
descriptions of two, maybe three segments within a single muscle maybe
functionally too simplistic in describing the true neuromuscular functioning of
skeletal muscle tissue. What is not currently understood is the degree to which the
muscle fibres/fascicles of a single muscle can be independently activated to 'fine
tune' muscle output. Therefore, before attempting to establish neuromuscular
function, more detailed anatomical investigations into skeletal muscle structure
would seem necessary as the following evidence suggests.

The structure ofthe trapezius was investigated by an anatomical dissection of its
constituent fascicles (Johnson, Bogduk, Nowitzke, & House, 1994) of which 16
were revealed (Figure 2.1, diagram C). These fascicles were defined as a bundle of
muscle fibres with a distinct, identifiable attachment. Whether these 16 fascicles
could be activated independently was not the focus of this anatomical study,
however, the fibre directions of these fascicles did contradict some previous
descriptions of trapezius, in particular upper trapezius, muscle function. For
example, fibres from the upper trapezius have been attributed an upward force vector
which pulls the scapula and clavicle vertically and hence these fibres have been
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Figure 2.1. Three diagrams illustrating the anatomy and actions ofthe trapezius muscle.
Diagrams A (Perry, 1988) and B (Basmajian & Slonecker, 1989) have been taken from
anatomical texts which both depict, erroneously, an upward pull ofthe upper trapezius on
the scapula and clavicle. Diagram C (Johnson et al, 1994) shows a tracing of a radiograph
in which the fibre orientations ofthe 16 fascicles are depicted with the thicker lines
indicating larger fascicles. Note, correctly, the more transverse orientations ofthe fibres
attaching to the acromion and clavicle.
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labelled as elevators ofthe shoulder girdle (Figure 2.1, diagrams A and B ) . While
the upper fibres do act to elevate the shoulder girdle, the mechanism in which this is
achieved is rarely portrayed accurately in anatomical texts. A closer inspection of
these observed fascicles (Figure 2.1, diagram C) reveals a more horizontal, medial
pull on the acromion and clavicle. This would result in raising the clavicle and
scapula, not by drawing them directly upwards by elevation, but by elevating and

posteriorly rotating the clavicle at the sternoclavicular joint, which results in further
upward rotation ofthe scapula. The strong sternoclavicular joint thus sustains large
compressive loads to support the shoulder girdle. A detailed anatomical
investigation ofthe trapezius in this study has thus elucidated the misrepresentation
ofthe trapezius as a direct elevator ofthe shoulder girdle and has emphasised the
role ofthe sternoclavicular joint in sustaining downward loads applied to the upper
limb.

Anatomical investigations into the gluteus maximus (Stem, 1972) revealed cranial
and caudal segments based on differing attachments to the tensor fascia latae and
femur. This comparative study ascribed the cranial superficial portion, with its
attachments on the superior ilium and tensor fascia latae, to have undergone the most
significant changes morphologically in human evolution. As this cranial portion is
most active in forceful abduction (Karlsson & Jonsson, 1965) it led the authors to
believe that the evolutionary history ofthe gluteus maximus was directed toward
improving lateral stability particularly when running, climbing or when standing on
one limb. This detailed anatomical investigation has therefore contributed in
providing a functional significance for the morphologically differentiated cranial
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portion of this muscle and also the added bulk ofthe muscle w h e n compared with
other primates.

Early anatomical investigations ofthe deltoid muscle (Fick, 1911) suggested that this
muscle consisted of seven anatomical segments based on, what was thought to be,
tendinous inscriptions* running throughout the length ofthe muscle bulk. Seven
anatomical segments were also identified in this muscle by other authors (Wickham
& Brown, 1998), with segments, in this instance, being determined by differing
attachment points and lines of action. Anatomically, this study illustrated, in
particular, the differing attachments of each segment on the humeral shaft that
covered an area much larger than previously thought.

Smaller muscles such as the extensor carpi radialis longus and flexor carpi radialis
have also displayed the existence of anatomical segmentation with "at least two
distinct anatomical subvolumes" reported for the extensor carpi radialis longus
(Segal, Wolf, DeCamp, Chopp, & English, 1991). For the flexor carpi radialis it was
stated that this muscle "may form three anatomical or architecturally defined muscle
subvolumes". For the extensor carpi radialis longus the two "anatomical
subvolumes" were delineated by their attachments either to a superficial or deep
tendon of origin from the lateral supracondylar ridge (Figure 2.2). For the flexor
carpi radialis the attachment of fibres onto a superficial or a deep tendon of origin,

" It was not explained explicitly what was meant by "tendinous inscriptions" in this early french
article, although from what could be translated it was implied that they could be thicknesses of fascia
dividing portions ofthe muscle bulk.
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Figure 2.2. The architecture ofthe extensor carpi radialis longus and flexor carpi radialis
(Segal et al., 1991). Note that the deep views (C) include the nerve branching which will be
subsequently discussed.
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which were longitudinally oriented, delineated the architectural divisions (Figure
2.2).

The ability to represent a single skeletal muscle as a collection of segments has also
been evident in many biomechanical models of musculo-skeletal geometry, which
have attributed a number of muscles with multiple lines of action. However, the
criteria for the selection of a muscle's lines of action is usually inadequately
discussed. Most authors have divided broad muscles a priori into convenient parts
which typically fit descriptions illustrated in anatomical texts; particularly the
division of deltoid into three segments (Bassett, Browne, Morrey, & An, 1990;
DeLuca & Forrest, 1973; Poppen & Walker, 1978; Soechting & Flanders, 1997).
Some authors however, in regard to a muscle's line/s of action, (Van der Helm &
Veenbaas, 1991), have stated that "for a correct representation each small force
vector of every muscle fibre should be considered in the localisation ofthe resulting
muscle line of action". In accordance with this statement the deltoid, pectoralis
major, latissimus dorsi and trapezius were subsequently modelled as having 12,10,
five, and 12 lines of action respectively (Van der Helm & Veenbaas, 1991). Other
authors have also recognised the error in reduced and over-simplified line of action
models (Dostal & Andrews, 1981; Hogfors, Sigholm, & Herberts, 1987; Karlsson &
Peterson, 1992; Wood, Meek, & Jacobsen, 1989). For example, three lines of action
were attributed to the gluteus minimus and gluteus medius (Dostal & Andrews,
1981) with the lines of action in this study being represented by a straight line of
action model* where elastic string lines were utilised between origin and insertion

' See glossary for details.
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points. T h e coordinate data for the attachment points was subsequently obtained by
using a convenient right handed orthogonal laboratory reference system. Similar
methods were used in other experiments where the subscapularis was represented by
three lines of action (Hogfors et al., 1987), as was the pectoralis major (Wood et al.,
1989) with two lines of action determined for the latissimus dorsi (Hogfors et al.,
1987).

In addition to muscles being segmented by architecture and attachment points,
muscles have also been partitioned into what has been termed "neuromuscular
compartments" (English, Wolf, & Segal, 1993). These authors describe a
neuromuscular compartment as "a distinct subvolume of muscle innervated by an
individual muscle nerve branch and each containing motor unit territories with a
unique array of physiological attributes" (English et al., 1993). Therefore, a
neuromuscular compartment is based on the divergence of primary nerve branches
into distinct areas within the muscle mass. For example, the presence of
neuromuscular compartments was identified within the biceps brachii muscle (Segal,
1992). Specifically, three neuromuscular compartments were found in each ofthe
long and short heads of this muscle raising the possibility that the muscle has six
functional units (Figure 2.3).

Segal et al., (1991) demonstrated evidence for both an anatomical and a neural
partitioning of two human forearm muscles; the flexor carpi radialis and the extensor
carpi radialis longus. As previously stated, the flexor carpi radialis contained three
major anatomical divisions based on fibre direction differences and the
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A. Posterior or Deep Surface
Proximal
Musculocutaneous nerve

Branch to long
head

Branch to short head

Lateral
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Crus

Tendon of insertion

Distal

Figure 2.3. A drawing (Segal, 1992) depicting the deep surface ofthe biceps brachii muscle
and the nerve branching patterns to each ofthe three neuromuscular compartments (*) in
both the long and short heads of this muscle.

corresponding differing attachments to a tendon passing through the length ofthe
muscle (Figure 2.2). Additionally, this was also paralleled by three primary nerve
branches from the flexor carpi radialis that diverged into these anatomically distinct
areas (Figure 2.2; deep view). In contrast, the extensor carpi radialis longus,
innervated by two primary nerve branches (a proximal and a distal nerve; Figure 2.2;
C deep view) and containing at least two distinct anatomical segments, showed
slightly less congruency between its segmental anatomy and its nerve innervation
pattern's. A third muscle investigated, the lateral head ofthe gastrocnemius,
displayed the least congruency between its anatomy and innervation patterns being
only clearly partitioned by anatomy with three segments apparent. These muscles
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hence demonstrate somewhat, that a corresponding division of nerve branching
patterns may not accompany an apparent anatomical segmentation within a muscle
into these anatomical subvolumes.

Many other studies have further substantiated the existence of neuromuscular
compartments by the use of glycogen depletion methods and/or evoked EMG to map
the territories of motor units* supplied by these primary nerve branches (Armstrong,
Rose, Vanner, & Bakker, 1988; Ballice-Gordon & Thompson, 1988; Bodine et al.,
1982; English & Letbetter, 1982; Herring, Sola, Huang, Zhang, & Hayashida, 1993;
Letbetter, 1974; Richmond, MacGillis, & Scott, 1985). A general finding of these
studies was that there is some overlap between areas innervated by primary nerve
branches and that each neuromuscular compartment contained a relatively high
proportion ofthe one fibre type. This occurred not only in predominantly parallel
oriented compartments but also within the in-series compartments ofthe
semitendinosus and the biventer cervicis muscle ofthe cat (Armstrong et al., 1988;
Bodine etal., 1982).

In addition to the organisation of muscles into neuromuscular compartments
peripherally, a similar parallel establishment ofthe corresponding motoneuron cell
bodies (parent motoneurons) in the spinal cord has also been documented. For
example, anterior branch motoneurons (innervating anteriorly located muscle fibres)
were found to be located more superiorly (more rostral segments) within the cat

Individual motor unit territories have been reported to span up to 75% ofthe volume ofthe cat sole
(Burke & Tsairis, 1973) to an average diameter of 5 m m in the human biceps brachii muscle
(Buchthal, Guld, & Rosenfalck, 1957) hence displaying a wide variability between different muscles.
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tibialis anterior motor pool with posterior branch motoneurons (innervating
posteriorly located muscle fibres) being located more inferiorly (more caudal
segments) (Iliya & Dum, 1984). Furthermore, a rostral to caudal topographic
arrangement was found for each compartment motoneuron pool ofthe cat triceps
surae, which coincided with the proximal to distal muscle compartments found in
this muscle (Weeks & English, 1987). A preferential motoneuronal size distribution
was also apparent for each compartment's motoneuron pool. A similar mapping of
the rostro-caudal axis ofthe motor pool to the rostro-caudal axis ofthe muscle's

surface was also apparent in two rat skeletal muscles; the diaphragm and the serratus
anterior (Laskowski & Sanes, 1987). These authors suggested that the rostro-caudal
mapping of motor pools onto muscles maybe due to a number of contributing
factors including:

a) axonal guidance at branch points in the nerve.
b) segmental ordering of axons in the nerve, and,
c) positional labels* within the muscle.

Several other studies have also shown evidence for the topographic projection of
neuronal arrays (Bennett & Lavidis, 1984; Brown & Booth, 1983; Cowan & Hunt,
1985; Lichtman, Purves, & Yip, 1979; Swett, Eldred, & Buchwald, 1970) making
this phenomenon rather ubiquitous within the mammalian nervous system. It should

' Structure/s within skeletal muscles (possibly muscle fibres or extracellular matrix) that impart a
segmental bias to synapse formation or maintenance.
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be noted, however, that in the cat sartorius muscle and the tensor fascia latae, no
major relationships have been found between compartments and their parent
motoneurons with an indiscriminate intermingling of primary nerve branches and
their motor nuclei (Gordon, Loeb, & Richmond, 1991) for these muscles.

To provide a functional basis for the compartmentalisation of motor nuclei found in
some muscles, authors have investigated the la afferent neuron input to a muscle's
motoneuron pool (Lucas & Binder, 1984; Lucas, Cope, & Binder, 1983; Vanden
Noven, Hamm, & Stuart, 1986). Specifically, their results showed that sensory
afferents innervating a given neuromuscular compartment generated larger excitatory
post synaptic potentials, and hence relatively greater synaptic effects, in
motoneurons that projected to the same compartment than in motoneurons that
innervated other compartments ofthe same muscle. These results giving support for
the localisation ofthe stretch reflex (Cohen, 1953). In contrast, however, no
evidence was apparent for a localisation of monosynaptic la excitatory post-synaptic
potentials in the motor nucleus ofthe cat semitendinosus; a long thin muscle with
anatomically distinct in-series compartments (Botterman, 1983).

The evidence for compartmentalisation both at the muscle level and within the spinal
cord has come predominantly from studies using the cat. However, it should be
noted that the gross architecture and nerve branching patterns between humans and
cats/rats are "strikingly similar" (English et al., 1993). The next question therefore,
is whether or not neuromuscular partitioning within a single skeletal muscle has true
functional significance; particularly in humans.
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Section B: Functional Evidence for Skeletal Muscle
Segmentation
Numerous EMG investigations have established that large broad radiate muscles

may produce a variety of force vectors by selective activation of their intramuscula
segments (Beam, 1961; Inman, Dec, Saunders, & Abbott, 1944; Ringelberg, 1982;
Scheving & Pauly, 1959; Shevlin, Lehmann, & Lucci, 1969; Yamshon & Bierman,
1949). This phenomenon has been termed functional differentiation (Pare, Stem, &
Schwartz, 1981; Paton & Brown, 1994). More specifically, functional
differentiation occurs when segment/s of a muscle exhibit an earlier onset, higher
intensity of activation or some other measured difference in comparison to the
remaining muscle segments during a particular movement. This criteria for
functional differentiation has been used in previous studies (Brown et al., 1993;
Paton & Brown, 1994; Wickham & Brown, 1998). It will also be adopted in the
following EMG experiments on the basis that if a muscle is to be considered

homogenous in function then all of its constituent parts (segments) should turn on a
the same time and have the same intensity and duration of contraction. Hence
differences in temporal and intensity variables between adjacent segments would
label that segment/s as an independent segment and hence functionally a "muscle
within a muscle".

In the above studies (Beam, 1961; Inman, Dec, Saunders, & Abbott, 1944;
Ringelberg, 1982; Scheving & Pauly, 1959; Shevlin, Lehmann, & Lucci, 1969;
Yamshon & Bierman, 1949) on functional differentiation the surface EMG
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waveforms showed evidence of varying myoelectric intensity across the breadth of a
muscle (eg, pectoralis major, deltoid and trapezius) when recording from multiple
segments. The number of recording sites, however, was limited, with a maximum of
three being used for the deltoid. More recent investigations (Paton & Brown, 1994;
Paton & Brown, 1995) have utilised as many as six electrode sites on muscles such
as the pectoralis major and the latissimus dorsi. Specifically, these authors
concluded from the results of their static experiments that there are "probably at least
six functional segments within the pectoralis major" and that "there must be at least
six functional subunits within the latissimus dorsi". These experiments, which only
utilised intensity parameters ofthe EMG signal to measure functional differentiation,
showed that the myoelectric force levels of each segment were dependent on the task
performed. The most efficient segmental line of action, or resultant line of action,
for a particular task generally being a reliable indicator for the segment that showed
the greatest amount of myoelectric activity in these studies. Additionally, Wickham
and Brown (Wickham & Brown, 1998) placed seven miniature surface electrodes
across the breadth ofthe deltoid and recorded the EMG waveforms during static
adduction and abduction tasks. Based on the results, the authors concluded that the
CNS could "fine tune" the activation patterns of at least six functional segments to
efficiently meet the demands ofthe imposed task. It was suggested that the deltoid
consisted of prime mover, synergist and antagonistic segments, with these segmental
classifications changing and being dependent on the task performed. For example,
during abduction, segments D2 and D3 (Figure 2.4) with significantly (p<0.05)

earlier onset's, longer duration's and efficient lines of action for the particular stati
task (abduction in scapular plane) were designated as prime mover segments.
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Figure 2.4. A schematic representation ofthe seven segments ofthe deltoid (Wickham &
Brown, 1998). Seven anatomical segments (D1-D7) were identified with six of these
segments showing independent activation patterns. Segments D 2 and D 3 acted as a single
functional unit. Labelling (D1-D7) indicates the approximate placement for the seven
miniature surface electrodes.

Segments Dl, D4 and D5 with later onset's, shorter duration's and more oblique
lines of action to the intended task were designated as synergist segments. Segment
D6 with a line of action basically running through the joint axis appeared to play a
stabilising role whilst segment D7 was labelled as an antagonist with a line of action
below the axis of rotation and significantly (p<0.05) lower contraction intensities
than all other segments. It should be noted that the labelling of prime movers,
synergists and antagonists has previously related to whole muscle function
(Basmajian & DeLuca, 1985) but it is clear from this study that these terms also
apply to segments of a muscle. The results of this study also provided evidence of
an intramuscular segment coordination (see glossary) as segments exhibited
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activation characteristics that indicated a degree of coordination within the one
muscle. This was most evident in the segmental onset times with a sequential onset
of anatomically adjacent segments. For instance, the myoelectric activity spread
from the initially activated prime mover segments (D2 and D3) to activate adjacent
segments both anteriorly (Dl) and posteriorly (D4, D5, D6 and D7) in a 'wave of
activation'(see glossary).

Furthermore, an EMG study from the same laboratory involving segments ofthe
pectoralis major and the latissimus dorsi showed evidence of an interaction for
specific segments of different muscles to adopt prime mover roles during a static
shoulder joint adduction task at 90° of shoulder joint abduction (McAndrew and
Brown, unpublished data). Specifically, this study showed how certain segment's of
the pectoralis major and latissimus dorsi acted together as prime mover segments
based on their early activation and high myoelectric activity. It was suggested that
an intermuscular segment coordination (see glossary) between segments of different
muscles was apparent as the particular segments from the two different muscles
acted together as a single functional unit with no significant (p<0.05) differences'
between them. These segments also displayed the most efficient line of action for
the static task. Whether these coordination patterns are a common occurrence for
segment activation patterns within a muscle and between different muscle segments
will be investigated in this thesis.

The prevalence of functional differentiation in human skeletal muscles, as evidenced
by EMG techniques, has not only been shown in large radiate skeletal muscles. For

23

Muscles within Muscles

example, E M G waveforms from the tensor fascia latae were studied whilst subject's
performed different hip joint movement tasks (Pare et al., 1981). The authors
showed two differing recmitment patterns that functionally partitioned the muscle
into antero-medial and postero-lateral segments. The two heads ofthe biceps brachii
showed evidence of functional differentiation with the long head being preferentially
activated in positions of lateral rotation and elbow extension with the short head
being preferentially activated in positions of increased elbow flexion and medial
rotation (Brown, Solomon, & Paton, 1993). Task specific functional differentiation
ofthe most appropriate head (for efficacy of contraction) was stated as being evident
in this study. EMG evidence of functional differentiation has also been documented
in the soleus with task specific recmitment of medial and lateral segments during
eversion and inversion movement tasks (Campbell, Norman, Biggs, Blanton, &
Lehr, 1973). Furthermore, by recording from fine wire electrodes during selected
functional activities, the gluteus medius showed asynchronous activity between the
three sites measured (anterior, medial and posterior segments) thereby "justifying a
three-segment model" (Soderberg & Dostal, 1978).

Task dependent segmental activation patterns between synergistic muscle pairs have
also been demonstrated with recmitment reversals evident and being dependent on
the speed of contraction. For example, by utilising surface EMG techniques it was
found that when slow (5-15sec to peak force) contractions ofthe human triceps surae
muscle group were performed the soleus muscle initiated the contraction, whilst
during ballistic contractions the lateral gastrocnemius initiated (preceding soleus by
100 ms) the contraction (Clamann, 1981). Interestingly, with the experiment
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repeated on the vastus lateralis and vastus medialis, two muscles of similarfibretype
distribution, there was no preferential initiation of contraction by either muscle
suggesting that synergistic muscle pairs, particularly of different fibre type makeups,
maybe controlled in different ways. Similarly, recmitment reversals of whole
muscle have also been reported during the rapid paw shake ofthe cat in response to
cutaneous stimulation ofthe paw pad with the soleus muscle remaining virtually
silent in comparison to the large EMG responses from gastrocnemius (Smith &
Spector, 1981).

More evidence of functional differentiation has been derived from motor unit
studies. For instance, by recording from three sites across the breadth ofthe long
head ofthe biceps brachii (utilising bipolar fine wire electrodes), a task specific
activation of individual motor units from lateral, central and medial segments ofthe
long head was apparent (Ter Haar Romeny, DenierVanDerGon, & Gielen, 1984).
Specifically, motor unit activity was determined during static tasks that included
elbow flexion and supination ofthe radio-ulna joints. The main patterns of motor
unit recmitment that were evident during these tasks included that:

• Motor units active only while flexing the elbow were located most laterally,
• Motor units active only when supinating the radio-ulnar joints were located most
medially, and,
• Motor units with no apparent preference were located centrally.
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T o explain these findings the authors proposed a somatotopic model ofthe long head
of biceps brachii and supinator motor nuclei that included strongly overlapping
motoneuron columns between the two muscles and differential synaptic input for
different classes of motoneurons within the long head of biceps brachii (Figure 2.5).
As Figure 2.5 depicts, the supraspinal flexion input activates only a portion ofthe
motoneuron pool with a similar situation apparent for the supraspinal supination
input. What is apparent is that the most lateral motor units receive only a flexion
input whist the most medial motor units receive only a supination input. The authors
concluded that "the location-dependent behaviour of muscle units during static
contractions in different directions is compatible with the paradigm for central
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Figure 2.5. Somatotopic model (Ter Haar Romeny et al., 1984) to explain the different
synaptic inputs to the different motor unit subsets. The left side shows the overlapping
biceps long head (BLH) and supinator muscle (SUP) motoneuron pools with the schematic
depicting the biceps motoneuronal pool slightly more cephalic than the more caudal
supinator motoneuron pool. O n the right side the position in the muscle where these units
are most likely active is illustrated (medially or laterally). The lower supinator motoneuron
is shaded.
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nervous system representations of ordered motor units in overlapping loci" (Ter Haar
Romeny et al., 1984). This study gives functional significance to the earlier
mentioned experiment in the previous section of this literature review (Segal, 1992)
in which three neuromuscular compartments were ascribed to the long head ofthe
biceps brachii muscle.

In another motor unit study the directional tuning of single motor units in the deltoid
and biceps brachii was investigated (Herrmann & Flanders, 1998). This was
accomplished by measuring the firing rate and threshold force of motor units
recruited during static contractions of elbow flexion and extension and various
shoulder flexion, extension and abduction tasks. Evident in the results was that
anatomically adjacent motor units did not display similar activation characteristics.
For example, a peak firing rate for one unit may have been recorded for a shoulder
flexion task (best direction) whilst a peak firing rate of an adjacent motor unit being
recorded for a shoulder abduction task. Peak firing rates of anatomically adjacent
units could therefore vary by as much as 90 degrees. Peak firing rates for motor unit
activation hence did not cluster into well-defined directions and regions of a muscle
and the notion of neuromuscular compartments (English et al., 1993) within a
muscle was not supported by the authors. Furthermore, a small percentage (17%) of
the units sampled also showed a preference for a "second best direction" which
suggested a convergence of different directional commands onto the same
motoneuron. Additionally, it was also found that the activation patterns of 93% of
the motor units studied were consistent in a model in which the activation levels of
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motor units are tuned as a "cosine function of force direction""(Herrmann &
Flanders, 1998). This finding is in agreement with the idea that descending inputs to
spinal motoneurons have cosine-tuned activity (Georgopoulos, Kalaska, Caminiti, &
Massey, 1982). To summarise, the authors stated that as cosine tuned units are
active over a wide range of directions the change in motor unit activation during a
movement need not consist in the abmpt recmitment and derecruitment of distinct
subpopulations of motor units. The change in motor unit activation can instead
"proceed smoothly by gradual recmitment and derecruitment and differential
modulation ofthe firing rates of different units".

Further studies of motor units (Desmedt, 1981) have explicitly shown recmitment
reversals as being also dependent on the kinematic task. For example, these authors
found that a portion (8%) of motor units in the first dorsal interrosei reversed their
recmitment order depending on whether abduction or flexion movements ofthe
index finger were performed. The first dorsal interrosei acts at the second
metacarpo-phalangeal joint as a prime mover in abduction and as a synergist in
flexion ofthe index finger. It was thought that differences in synaptic input to the
first dorsal interrosei motoneuron pool existed when the muscle acted as a prime
mover (evenly distributed input) or synergist (selectively distributed input). Similar,
although less conclusive evidence was shown for the abductor pollicis brevis during
abduction and opposition movements ofthe thumb indicating some direction-

* The activity in cosine tuned motor units gradually decreases as the direction ofthe movement i
gradually shifted from their "best direction" where their peak firing rates are displayed.
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dependent reversals of recruitment order between different motor units (Thomas,
Ross, & Calancie, 1987).

Recmitment reversals of motor units within a single motoneuron pool have also been
shown during "learning" tasks involving rapid contractions under conditions
involving both visual and audible feedback of a particular motor unit's discharge.
(Basmajian, 1963).

The results ofthe above investigations on segments of muscles (Brown et al., 1993;
Campbell et al., 1973; Clamann, 1981; Paton & Brown, 1994; Paton & Brown,
1995; Soderberg & Dostal, 1978; Wickham & Brown, 1998) and individual motor
units (Basmajian, 1963; Desmedt, 1981; Herrmann & Flanders, 1998; Ter Haar
Romeny et al., 1984; Thomas et al., 1987) have implications for the control of motor
units according to Henneman's size principle* (Henneman, 1981; Henneman &
Olson, 1965; Henneman, Somjen, & Carpenter, 1965). This principle fundamentally
states that motor units are recruited in order of size from smallest to largest. With
recmitment reversals evident for motor units during different movement tasks and
segment activation being shown to be somewhat task dependent it would seem that
the size principle has been violated and may not be applicable in determining the
activation patterns for multifunctional muscles.

In muscles containing neuromuscular compartments (see previous section) the
territories of motor units have been found to be generally confined within a

' See glossary
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particular compartment (English & Letbetter, 1982; English & Weeks, 1984; English
& Weeks, 1987; Hammond, Gordon, Fischer, & Richmond, 1989; Iliya & Dum,
1984). Based on this evidence some authors have suggested that size-related
recmitment (Henneman et al., 1965) occurs within these compartments rather than
over the muscle as a single entity (Windhorst, Hamm, & Stuart, 1986). Furthermore,

this has also been suggested to occur within less structurally defined muscles such as
the pectoralis major and the latissimus dorsi that have shown evidence of functional
segmentation (Paton & Brown, 1994). Tending to support this hypothesis is the
notion of "task groups" (Loeb, 1985). Task groups have been described as an
ensemble of neuromotor structures (motor and sensory) working together during the
performance of certain kinematic tasks but which may or may not correlate with the
anatomy of a muscle, nerve or motor nuclei (Loeb, 1985). The concept of task
groups would help to explain the functional differentiation present in some muscles
and also the reversals in recmitment order observed within motor units of some
muscles.

To further exemplify the concept of functional differentiation, experimental data
from electroencephalography (EEG) studies demonstrate that cortical neurons also
have a preferred direction in which peak activity (firing rate) is attained
(Georgopoulos et al., 1982; Georgopoulos, Kalaska, Cmtcher, Caminiti, & Massey,
1984; Georgopoulos, Kettner, & Schwartz, 1988; Georgopoulos & Massey, 1988;
Georgopoulos, Schwartz, & Kettner, 1986). In these experiments, Georgopoulos
and colleagues trained monkeys to make free arm movements from a central position
to one of eight positions on a circle. The monkey held a handle steady in the central
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position and then m o v e d to one ofthe eight targets (lights), depending on which one
was illuminated, whilst the activity of motor cortex cells in the shoulder area ofthe
cortex was recorded. To summarise the results of these studies, it was found that the
peak firing levels of a population of motor cortical neurons (Figure 2.6) predicted the
direction, in 3-Dimensional space, of a monkey's arm movements. For any one
motor cortex cell the firing rate was highest with a particular movement direction,
'the preferred direction' and decreased progressively with movements made in
directions increasingly divergent from the preferred direction. This direction is
represented by a vector with the length ofthe line being proportional to its discharge
rate; a long vector equalling a high firing rate for that direction. When individual
motor cortex cell vectors are added together (population vector summation) and the
result plotted as a thick arrow (Figure 2.6) the resulting population vector (the
resulting vector sum of all cell vectors) was in a direction comparable with the
direction ofthe monkey's arm movement. The authors suggested that the population
coding of motion direction is of great significance to the problem of how directional
information might be uniquely coded by the neuromotor system. Furthermore, it has
also been suggested that the sampled cells maybe corticomotoneuronal cells
projecting to particular groups of shoulder muscles, via the pyramidal tract, with
their activation being dependent on the changing patterns of muscle activity which
result when movement direction is changed (Porter, 1983).
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Figure 2.6. Representation ofthe direction of reaching movements in the monkey motor
cortex (Georgopoulos et al., 1982). The top diagram shows a directional tuning curve for a
single neurone with firing rate being used as an index of preferred direction. From this
curve the preferred direction of this cell was approximately 160°. The bottom diagram
represents a vector summation ofthe activity of 241 cells. Cell vectorial contributions (thin
lines) and population vectorial sums (dashed lines with arrows) for eight different
directions of movement are shown. Note that the population vector points very close to the
direction ofthe intended movement.
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Numerous studies have revealed that the termination of corticomotoneuronal axonal
projections in the spinal cord are widely spread; sometimes covering an area
occupied by motoneurons that project to as many as four different muscles (Cheney
& Fetz, 1985; Kasser & Cheney, 1985). Utilising the method of spike triggered
averaging the effectiveness and physiological consequences of these diverse synaptic
contacts can be examined. It has been found with this method that the actions of
corticomotoneuronal cells to the hand and arm are limited to a set of synergist and/or
antagonists which only act about a small number of joints (Cheney & Fetz, 1985).
Furthermore, the authors discovered that many ofthe corticomotoneuronal cells that
projected to forearm muscles were reciprocally organised with corticomotoneuronal
cells facilitating agonists and/or inhibiting antagonists but never facilitating a cocontraction mode of muscle activity from opposing muscle groups (Figure 2.7). It
would therefore seem that although the anatomical divergence of
corticomotoneuronal cell axonal projections is wide, a more important aspect is the
physiological consequences of these diverse projections on different muscle
motoneuron pools (Rothwell, 1994).
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m o t o n e u r o n e pools

Figure 2.7. A simplified diagram showing the organisation ofthe corticomotoneuronal
projections to the hand and forearm muscles in the monkey (Lemon, 1988). S o m e
corticomotoneuronal cells (a and c) facilitate agonist muscles (extensor motoneuron pools)
with no effect on antagonist muscles (flexor pools). Others (b, e, f) facilitate agonist
muscles and simultaneously suppress antagonist muscles via a reciprocal inhibitory
pathway, or produce suppression alone (d).

Section C: The Triphasic E M G Burst and Some Popular
Motor Control Theories
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The Triphasic E M G Burst Pattern.
A three burst pattern (triphasic) of EMG activity* involving antagonistic muscles is
characteristic ofthe neuromotor control of rapid limb movements less than 400 ms
duration (Angel, 1975; Brown & Cooke, 1990; Hannaford & Stark, 1985; Marsden,
Obeso, & Rothwell, 1983; Wadman, Denier Van Der Gon, & Derksen, 1980;
Wierzbicka, Wiegner, & Shahani, 1986). This "triphasic" pattern is initiated by a
burst of activity in the agonist muscle (Agl), followed by a silent period during
which the antagonist (Ant) becomes active, with the agonist sometimes being
activated again (Ag2) at some point after the initial activation ofthe antagonist
(Figure 2.8).

With the growing interest in the study of fast goal directed movements the functional
roles of Agl, Ant and Ag2 have received rigorous examination but are, as yet, not
fully understood. For example, the initial Agl burst has been described as,
providing the driving force for setting the limb in motion (Brown & Cooke, 1990),
for producing the force required to overcome inertia (Mustard & Lee, 1987), to
initiate the movement (Cheron & Godaux, 1986) and to provide initial limb
acceleration (Cooke & Brown, 1990). When considering the duration of Agl, it has
been suggested that it increases with longer movement amplitude

* The triphasic pattern of E M G activity will be evident in the electromyographic patterns ofthe
antagonistic muscles utilised in the third experiment as rapid limb movements will be employed.
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Figure 2.8. A schematic example of triphasic EMG patterns for antagonistic muscles ofthe
arm during a rapid elbow joint extension movement (Latash, 1998). Depicted is the first
burst of agonist activity from the triceps brachii (Agl), followed by antagonist activity
(ANT) from the biceps brachii (with its E M G inverted for better visualisation), with the
triceps brachii again active for the second agonist burst (Ag2).

(Berardelli, Rothwell, Day, Kachi, & Marsden, 1984; Brown & Cooke, 1982;
Mustard & Lee, 1987). It has also been suggested that when very small amplitude
movements are made (<30°) the burst duration of Agl is somewhat constant
(Berardelli et al, 1984). Finally, the myoelectric intensity of Agl has been
documented as increasing with both movement amplitude and speed (Brown &
Cooke, 1981; Hallett & Marsden, 1979) and also largely depending on the inertial
load to be moved (Lestienne, 1979).

Muscles within Muscles

The functions ofthe antagonist burst (Ant) have been described as providing the
decelerative forces required to accurately brake the movement at the desired
movement position (Angel, 1977; Cheron & Godaux, 1986). Interestingly, several
authors (Cooke & Brown, 1990; Gottlieb, Corcos, & Agarwal, 1989a; Latash &
Gottlieb, 1991) have suggested that the antagonist burst could be partitioned into two
components (Antl and Ant2). For instance, the first component (Antl) is somewhat
coactive with Agl and appears as a small sometimes non-distinguishable burst
approximately 30 ms after the EMG onset of Agl. This is then followed by a sharp

rise in EMG (Ant2) that is usually described as "the antagonist burst" (Gottlieb et al.
1989a). It has been suggested that the function of Antl is to actively terminate the
acceleratory phase ofthe movement with the function of Ant2 being to initiate the
deceleration ofthe movement (Cooke & Brown, 1990). When the early antagonist
activity (Antl) cannot be distinguished it is postulated that Antl and Ant2 have
merged with the combined purpose being to terminate the acceleration and initiate
the deceleration ofthe movement (Cooke & Brown, 1990).

The function ofthe second agonist burst (Ag2) has been less clear as it is commonly
more prolonged, sometimes absent, and less clearly defined than Agl. It has been
suggested that Ag2 acts to make any necessary adjustments to final limb position
with its main purpose being to terminate the deceleration phase induced by the
antagonist burst (Cooke & Brown, 1990). It has also been suggested that Ag2
moderates antagonist braking forces and redirects the movement back to the target
(Wierzbicka et al., 1986). Furthermore, speculation that Ag2 may have a viscous
damping function, which dissipates any excess energy remaining in the system after
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attainment ofthe final limb position has also been suggested (Ghez & Martin, 1982).
Additionally it has also been suggested (Hannaford & Stark, 1985) that Ag2 acts to
"clamp" the movement at the target. On a final note, the myoelectric intensity ofthe
third burst is claimed to be dependent on the ratio of accelerative and decelerative
torques with larger imbalances between the two producing larger Ag2 bursts in order
to arrest the movement near the target (Wierzbicka et al., 1986).

The designation of peripheral and/or central origins for each ofthe triphasic bursts
has also received much attention with numerous experiments utilising unexpected
load changes in order to deduce the possible origins of the triphasic burst. For
example, Latash (Latash, 1994) utilised unexpected loadings and unloadings of fast
40° elbow joint movements and demonstrated that the onset ofthe antagonist burst
was centrally programmed with its duration being dependent upon movement
kinematics. Similarly, other authors have also found the antagonist burst to be
centrally programmed and as being a separately controlled component ofthe
triphasic pattern (Flament, Hore, & Vilis, 1984; Marsden et al., 1983). Interestingly,
Smeets et al., (Smeets, Erkelens, & Denier van der Gon, 1990) performed a similar
experiment to Latash (Latash, 1994), although with slightly longer movement times,
and found that if the load was unexpectedly heavier or lighter then the antagonist
latency would be increased (delayed) or decreased (occur sooner) respectively.
These authors stated that a change in the angular velocity of 0.6 rad/sec in
comparison to the expected value could be detected by the neuromotor system and
the motor program could be adjusted at a period of 37 ms after this detection.
Furthermore, it has been postulated (Angel, 1977) that the triphasic pattern resulted
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from peripheral feedback (possibly from segmental reflexes, long loop reflexes or a
cerebellar assisted cortical servo-control) in combination with a central program that
controlled both Agl and Ant onsets.

In further studies of ballistic movements (<250 ms) it was shown, utilising
unexpected mechanical stops, that the first 100 ms of EMG activity was centrally
programmed and impervious to peripheral feedback (Wadman, DeniervanderGon,
Geuze, & Mol, 1979). Observations on deafferented men have also shown the
triphasic pattern of EMG to be still present, although details on the relative timing
and size ofthe three bursts were not investigated (Day, Marsden, Obeso, Rothwell,
& Traub, 1982; Hallett, Shanani, & Young, 1975).

Stretch reflex activity has also been proposed to play a contributing role in the
generation ofthe antagonist burst (Ghez & Martin, 1982; Ramos & Stark, 1987)
with the onset ofthe antagonist burst influenced primarily by reflex feedback loops
and having a strong velocity-dependent component (Feldman, Adamovich, Ostry, &
Flanagan, 1990). The size of Ag2 and the duration ofthe silent period between Agl
and Ag2 has been stated as being dependent on peripheral feedback with the initial
Agl burst being preprogrammed centrally (Angel, 1975). Other authors (Lestienne,
1979) have found that the timing of Agl and Ant bursts were well correlated with
peak velocity and that by increasing the inertial loads and maintaining a consistent
peak velocity increased the amplitude of both bursts but did not change the relative
timing between the bursts.
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The relevance and basis ofthe silent period between Agl and A g 2 has also received
attention with many explanations postulated. The most probable explanation being
that the muscle spindles ofthe rapidly contracting agonist muscle are unloaded
causing a decrease in gamma motor neuron firing and consequent decreased
facilitation of alpha motoneurons; hence a silent period becomes apparent (Angel,

1981). The strong influence of spindle discharge activity in the regulation of agonist
and antagonist activation patterns during rapid movements is also strongly supported
by other authors (Al-Falahe, Nagoaka, & Vallbo, 1991; Latash, 1998).

Finally, it should be noted that the majority of fast goal directed movement studies
that have been mentioned above have used arm musculature (usually biceps and
triceps brachii) consisting of one agonist and one antagonist muscle.

Popular Motor Control Theories
Equilibrium Point Hypotheses'
Feldman (Feldman, 1966b) proposed an equilibrium point hypothesis (lambda
model) stating that the control of voluntary movement was achieved by central
modulation of reflex thresholds. This theory, and other lambda variations (to be
discussed subsequently), evolved initially out of data from animal experiments in
which these animals had central nervous system lesions which made them unable to
produce voluntary movements. By stimulating the brain lesion, and hence
simulating a descending command, characteristic single muscle force-length curves

* A version ofthe Equilibrium Point Hypotheses will be tested in this thesis with regard
activation patterns of multiple agonists and antagonist segments.
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(invariant characteristics IC's) emerged enabling only certain muscle lengths and
forces for a fixed descending command (Figure 2.9).

Force

IC

EP2y

Load-2

//EMG
/ / increases
Load-1

^^0^^

EPi^

Length

Figure 2.9. A schematic diagram depicting h o w muscle reflexes specify a relationship
between muscle length and muscle force (an invariant characteristic; IC) according to the
equilibrium point hypothesis (Latash, 1998). The equilibrium points (EPi and EP 2 ) are at
equilibrium when muscle force is equal to the external load. With external load changes,
the muscle force and muscle length will change to a new equilibrium point (EP2). Note that
a new descending command will create a new non-intersecting force length curve so that
E M G changes will depend on both the central command and the external load.

Therefore, it was postulated that with a fixed descending command and a constant
external load, the muscle and load together will be at 'equilibrium' with each other
at a certain muscle length; the equilibrium point (EPi or EP2; Figure 2.9). Changing
the external load leads to muscle length changes that induce alterations in the level
of muscle activation via the tonic stretch reflex. By altering the descending
command, (by changing the magnitude ofthe electrical stimulation), new nonintersecting force-length curves were created. Thus the cental command, according
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to this theory, specifies the location ofthe invariant characteristics on the forcelength plane and is described as a shift in the threshold ofthe tonic stretch reflex (X);
or more simply the length at which alpha motoneuron activity occurs. Inherent in
this hypothesis is that the tonic stretch reflex is an independently controlled variable
as changes in the external load are only able to move the equilibrium point along the
invariant characteristic. Moreover, the source ofthe tonic stretch reflex is
unspecified and assumed to incorporate numerous reflex effects from a vast range of
peripheral receptors.

Feldman's equilibrium point theory (Feldman, 1966a; Feldman, 1966b; Feldman et
al., 1990) closely resembled Merton's, (Merton, 1953) hypothesis which stated that
movements were initiated and controlled by gamma fusimotor activity. More
specifically, Merton (Merton, 1953) proposed that the descending signal activated
gamma motoneurons which activated the sensory muscle spindle endings which
initiated the tonic stretch reflex loop to stimulate the activity of alpha motoneurons
in the spinal cord. Thus the effects ofthe increased or decreased gamma activity
were similar to the effects of an increase or decrease in muscle length so that the
descending signal simulated a new value of muscle length. However, later
experiments (Vallbo, 1967; Vallbo & Hagbarth, 1967) revealed that during virtually
all voluntary human movement there is an alpha-gamma co-activation and that the
gain ofthe tonic stretch reflex revealed relatively low values. Feldman (Feldman,
1966b) avoids this criticism by postulating an 'unspecified' relationship between the
threshold ofthe length sensitive reflex and the alpha and gamma motoneuron
activities. In this respect Feldman's equilibrium point theory resembles a
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modification of Merton's hypothesis known as the servo-assistance hypothesis
(Granit, 1970; Stein, 1974). An advantage of Feldman's theory and also other
versions ofthe equilibrium point model, is that the initial position ofthe limb need
not be known. Only the threshold ofthe tonic stretch reflex is preprogrammed and
the limb seeks an equilibrium position by balancing the net muscle torques,
designated by the threshold, and the external load. Furthermore, Feldman (Feldman,
1986) recognises the contribution of feedback, which influences the supraspinal
command.

Inherent in Feldman's Equilibrium Point Hypothesis is the large role played by
feedback from muscle spindles and the latency and amplitude ofthe antagonist
muscle burst (in a triphasic EMG burst) being exclusively due to movement
kinematics.

A later version ofthe Equilibrium Point Hypothesis (Lambda model) was proposed
by Latash et al., (Latash & Gottlieb, 1991) which had a similar basis but more
refined characteristics than the earlier Lambda model. For example, unlike
Feldman's model, which moved from the initial equilibrium position to the final
equilibrium position in a somewhat direct monotonic fashion, Latash took into
account the dynamics ofthe task. Latash added accelerative and decelerative forces
to deal with problems like inertial load hence the equilibrium point moved in an reshaped path from the initial to the final joint position, or more specifically from the
initial equilibrium point to the final equilibrium position. This theory, like
Feldman's, states that for each muscle the central motor command controls one
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independently regulated variable; the threshold of a length sensitive reflex. This
second version ofthe Lambda model predicts EMG patterns (see Dual Strategy
Hypothesis for description in subsequent pages of this literature review) in both
static and dynamic tasks. The predicted EMG patterns are based on two strategies
according to the Dual Strategy Hypothesis (Gottlieb, Corcos, & Agarwal, 1989b) of
which this Equilibrium Point Hypothesis provides the neural framework.

In another version ofthe Equilibrium Point hypotheses, termed the Alpha Model
(Bizzi, Chappie, & Hogan, 1982), feedback to the muscle was not considered and the
net pre-synaptic input to the motoneuron pool was solely the result of descending
supraspinal commands. The Alpha Model is heavily based on the mechanical and
spring-like properties of muscles whereby the force generated by them is a function

of their length and neural activation. Bizzi (Bizzi et al., 1982) states that equilibriu
(no movement) at a joint is achieved by equal and opposite length-tension curves for
the agonist and antagonist muscles around that joint so that the net torque acting at
the joint is zero. Movement is achieved by changing the set of opposing lengthtension curves, through direct input to the alpha motoneuron pool, which moves the
limb to a new equilibrium position. The advantages of this model include the
simplicity of using the spring-like characteristics of muscles for movement control
(Bizzi et al., 1982). However, one disadvantage was an inability to predict EMG
patterns. Interestingly, Mclntyre and Bizzi (Mcintyre & Bizzi, 1993) have
subsequently emphasised the importance of reflexes and muscle properties
combined, which they now state must work together to produce movements.
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Inherent in the Equilibrium Point models is that a simple relationship could exist
between posture and movement and that posture and movement are controlled by a
single mechanism; the threshold of a length sensitive reflex (Lambda models) or the
mechanical properties ofthe muscles (Alpha model). Both versions ofthe
Equilibrium Point Hypotheses (Alpha and Lambda models) implicitly state that
muscle length is monitored by the CNS for the control of movement.

At present the Equilibrium Point models, in their various forms, remain one ofthe
most popular theories describing how voluntary human movement is produced. The
Equilibrium Point Models appear to be adequate in describing single joint movement
although it has been stated (Gottlieb, 1995; Gottlieb, 1998) that their capacity to
explain fast multijoint movements is "subtly but profoundly flawed" (Gottlieb, 1998)
and that "they provide little predictive utility or insight" (Gottlieb, 1995).

Dual Strategy Hypothesis
One ofthe most popular and well known ofthe feedforward models* of motor
control is the Dual Strategy Hypothesis (Gottlieb et al., 1989a). The theory proposed
that the EMG signals could be seen as a filtered representation ofthe descending
command sent to the motoneuron pools suggesting that the EMG bursts were
essentially centrally programmed for movement generation (Latash & Gottlieb,
1991). The theory also proposed that it was applicable to account for movements
over different distances, movements with different inertial loads, towards targets of

" Models in which the instructions for an activity are structured in advance before the action occurs
with the resulting movement being relatively insensitive to feedback (opposite to E P models) from the
periphery (Schmidt, 1987). Included for a comparison against the Equilibrium Point Models.
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different widths and also for movements with different velocities. T o account for all
these variables encountered in voluntary movement two strategies (dual) were
proposed to be implementedd by the central nervous system; a speed-sensitive and a
speed-insensitive strategy.

According to the Dual Strategy Hypothesis, a speed-sensitive strategy was used
when the subject exerted control over the speed at which the movement was
performed or over movement time. The intensity ofthe excitation pulse sent to the
relevant musculature is modulated and the initial rate of recmitment and firing rates
of alpha motoneurons depended on the speed and movement time, which results in
changes to the initial slope ofthe agonist EMG burst. A speed-insensitive strategy
was used when a subject does not exert explicit control over the speed at which the
movement is performed. The intensity ofthe excitation pulse is constant and the
duration ofthe pulse (period of activation) is modulated. The initial pattern of
motoneuron pool discharge is independent ofthe magnitude ofthe task variable that
generates a constant initial slope to the EMG agonist burst irrespective of changes in
distance or load. Inherent in the Dual Strategy Hypothesis is the view that the
electromyogram is interpreted as a low-pass filtered version ofthe controlling signal
sent to the motoneuron pools. Criticism (Feldman et al., 1990) ofthe Dual Strategy
Hypothesis include its labelling of only two strategies to perform all types of
movement and the broad amount of variables that the theory takes into account,
making it very general. Gottlieb has also been criticised (Feldman et al., 1990)
because of implicitly stating that EMG waveforms are reliable indexes ofthe
descending command within the central nervous system. Furthermore, the speed-
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insensitive strategy with its constant initial slope ofthe agonist burst (Figure 2.10)
may be the physiological upper limit to the rate of rise in EMG activity so it may n
be a strategy at all (Bullock, 1991).

Figure 2.10. Movements in which the subject was instructed to move as fast as possible (A)
or to make all the movements at the same speed (B) over four different distances (Gottlieb
et al., 1989a). Pictured are two agonist (biceps brachii and brachioradialis) and two
antagonist (triceps brachii long and lateral heads) muscles for the elbow flexion movement.
The E M G ' s have been rectified and filtered with the antagonist E M G ' s inverted. Note the
constant initial slope (arrows) for the agonist E M G bursts in accordance to the speedinsensitive strategy ofthe dual strategy hypothesis.

T o show if this is a strategy it would be necessary to test if such a c o m m o n rate can
be significantly less than the maximal EMG slope. An advantage ofthe theory is
that it can be tested by observing EMG patterns under a variety of movement
conditions.
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A criticism ofthe Dual Strategy Hypothesis is the fact that the nervous system m a y
have additional computational demands in determining the exact forces, and the
timing of these forces, to be delivered to the relevant musculature. This is in direct
comparison to the computational simplicity of segmental reflexes and the
mechanical properties of muscle that are utilised in the Equilibrium Point models.
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CHAPTER THREE

Experiment One: The Anatomy of Intramuscula
Segments about the Shoulder Joint
Introduction
Skeletal muscles have traditionally been categorised by major anatomical
subdivisions characterised on the basis of fascial sheets, major nerves and points of
attachment; this classification being derived from a purely anatomical viewpoint.
This categorisation of muscle tissue is more than acceptable at initially defining
what a muscle is anatomically, but may be too simplistic to describe what a muscle
does functionally. For instance, a muscle's action can be reasonably determined by
its relative position at a joint/s. However, it cannot be assumed that the whole
muscle will be activated to produce the supposed joint action particularly as the
subdivision of muscles into independently controlled volumes is likely to be
ubiquitous (Gans & Gaunt, 1991). By investigating in detail the muscle fibre
architecture and innervation patterns a tmer indication of a muscle's functional
significance will become apparent, particularly when considering large radiate
multifunctional skeletal muscles.

The notion that human muscles may be functionally subdivided is not a
revolutionary concept. Many anatomical texts and practitioners of manual muscle
testing describe muscles as consisting of distinctive parts (deltoid, pectoralis major
and trapezius), with each having specific functions (Moore, 1992; Rockwood &
Matsen, 1990; Sarrafian, 1983). For example, the pectoralis major is typically
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divided into sternal and clavicular heads with accompanying shoulder adduction and
flexion functions respectively. Simplistic explanations for this segment partitioning
and corresponding functions are generally quoted, however some investigators have
given valid reasons for their partitioning of muscle tissue.

For instance, a criteria used to anatomically segment a muscle (Johnson, Bogduk,
Nowitzke, & House, 1994) was "a bundle of muscle fibres with a distinct,
identifiable attachment". In this experiment 16 segments ofthe trapezius were
identified according to this criterion. Architectural differences (multipennate vs
strap fibres) within the one muscle have helped delineated deltoid segments (middle
segment being multipennate) as many anatomy textbooks use these architectural
differences when describing the different regions ofthe deltoid. Intramuscular
fascial thickenings within the muscle mass have also been used to classify segments
within a muscle (Fick, 1911). Furthermore, intramuscular line of action differences
<10° have been shown to cause differing mechanical actions on the arm (Wickham
& Brown, 1998) and hence functionally this warrants an anatomical segmentation
based on potential functional differences within a muscle mass.

The above mentioned studies, although detailed, have usually focused on one or two
aspects of muscle design (anatomy and/or neural innervation patterns) without
considering muscle geometry (eg, moment arms and lines of action) or have focused
on muscle geometry without considering in detail the anatomical design or neural
innervation patterns. Therefore, this experiment will attempt an integrated approach
to the study of muscle architecture by quantifying the segmental anatomy, neural
innervation patterns and segmental geometry of pectoralis major, latissimus dorsi
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and deltoid by dissection and a Three-Dimensional musculoskeletal geometrical
analysis.

The aims ofthe current experiment are therefore to:

• Determine whether the pectoralis major, latissimus dorsi and the deltoid are
composed of anatomically distinct muscular segments. This aim will be
fulfilled by the dissection of 10 cadaveric shoulders.
• Establish whether each identified muscular segment has its own unique nerve
supply. This aim will be fulfilled subsequent to the first aim by following
the primary nerve branches as far as possible into each muscle with the aid of
a dissection microscope. This will be performed on one cadaver.
• Calculate the geometry, moment arm and the cross-sectional area of each
identified muscular segment. This aim will be achieved by utilising a Threedimensional musculoskeletal geometrical analysis in which one bisected
cadaver will be used.
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Methods
Gross Anatomical Procedures
A total often perfused adult male cadaveric shoulders were utilised in this
experiment. T h e right shoulder of one cadaver w a s fully dissected and utilised for
the anatomical and musculo-skeletal geometrical analysis. T h e left shoulder ofthe
same cadaver w a s also fully dissected for the neural innervation analysis. Nine
other shoulders were superficially dissected and used for anatomical comparison.

The skin and fascia on the right side ofthe back, shoulder and chest regions were
first removed to expose the pectoralis major, latissimus dorsi and the deltoid. These
muscles were then examined and dissected to establish whether each w a s composed
of distinctive anatomical segments. T h e four criteria utilised to identify a muscle
segment are illustrated in Figure 3.1 and included:

1. Distinctive origins and/or insertions.
2. Architectural differences within the muscle mass; eg, strap vs pennate fibred
segments.
3. Intramuscular fascial thickenings; likened to intermuscular septa within the
muscle mass (perimysial thickenings).

Then, if none of these anatomical criteria were satisfied, a fourth geometrical
criterion w a s utilised:

4. > 10° differences in adjacent segment lines of action.

The first criterion for segment identification was that a distinctly identifiable origin
or insertion be present. This criterion w a s similar to that used previously for
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probable electrode placements in the
centre of each segments line of
action

multipennate

vs strap

vs bipennate

4
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teres major

^
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> 1(\segment
Klines of action
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>10° for the
subscapularis
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iong thoracic ner
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median nerve
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fascial
thickenings

Distinctive
origins/insertions

Figure 3.1. Examples ofthe four criteria that were used to determine segmental anatomy
(Snell, 2000). See text for details.
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segment identification in the trapezius muscle where a segment of muscle mass was
defined as "a bundle of muscle fibres with a distinct, identifiable attachment"
(Johnson, Bogduk, Nowitzke, & House, 1994). The differing origins on each rib for
the serratus anterior would be considered to fall under this category of segment
classification (Figure 3.1).

For a segment to be identified according to differences in architecture (stmcture),
demonstrable changes in fibre architecture had to be apparent. For example,
segment D3 (Wickham & Brown, 1998), a portion ofthe middle deltoid, contained
multipennate fibres as opposed to the strap fibres found in the other segments of this
muscle.

For a segment to be distinguished from an adjacent segment according to
intramuscular fascial thickenings, an identifiable thickening of fascia, clearly visible
to the naked eye and likened to an intermuscular septum, needed to be apparent
between segments.

The radiate architectural design ofthe three muscles studied ensured that divergent
lines of action would be apparent between segments ofthe three muscles. Broad
expanses of seemingly homogenous muscle tissue may present a variety of lines of
action which may produce differing mechanical actions on a limb if small segments
of this tissue are activated independently. For this reason it was necessary to have
an additional fourth criterion to account for this occurrence. Therefore, for the
purposes of this experiment, a criterion difference in lines of action greater than 10°
between the middle of adjacent segments needed to be present for a segment to be
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identified by this criterion (Figure 3.1). Intramuscular line of action differences
<10° have been shown to cause differing mechanical actions on the arm (Wickham
& Brown, 1998). It should be noted that the representative line of action for a
particular segment actually represented an average line of action for all the fibres of
that segment. It should also be noted that as this is a functional criteria the segment
boundaries delineated by this criteria are rather arbitrary as muscle fibres
immediately adjacent to either side ofthe boundary could just as well be classified
as belonging to a single segment. Finally, for a portion of muscle to be categorised
as a segment only one criterion needed to be satisfied.

After each muscle segment had been identified and dissected from its boney
attachment, the attachment centres of each segmental origin and insertion were
marked with self-tapping screws. The same screw indicated segments possessing
the same insertion. The screws aided the later geometrical analysis ofthe muscular
segments (see Figures 3.3 and 3.5).

Normalisation procedures were then performed for the purpose of accurately
identifying sites for surface electrodes to record the myoelectric activity of each
segment. The normalisation procedures utilised easily identifiable landmarks that
could be replicated for each subject. For example, for the pectoralis major the total
distance from the acromio-clavicular joint to the lower-most sternal fibres, whilst
following the clavicle and the pectoralis major origin (termed the total normalisation
length), was calculated (Figure 3.2 and Table 3.1). The measurement of this total
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latissimus dorsi

Figure 3.2. Illustrations ofthe deltoid, latissimus dorsi and pectoralis major outlining the
normalisation procedures that will allow accurate electrode placements between subjects in
the second and third experiments. For the deltoid and pectoralis major the dotted line
represents the course ofthe solder wire which measured the total normalisation length (see
text for details). For the latissimus dorsi, linear measurements were utilised. For example,
an initial line was marked connecting the axillary fold and the spinous process ofthe eighth
thoracic vertebrae. A second line w a s also marked which connected the axillary fold with
the lateral-most fibres on the cadaveric iliac crest. A line connecting, at 8 5 % ofthe first and
6 5 % ofthe second line, was then marked on the cadaver. The latissimus dorsi segments,
and subsequent electrode placements, could then be equally spaced along this arrowheaded
line. A further segment w a s located 15 m m lateral and at 5 0 % ofthe distance between the
line running from the axillary fold to the iliac crest (designated by circle). This location
delineated the fibres attaching to the lower three ribs.
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Pectoralis M a j o r

Distance from A G J
(%)

Distance from A C J
(mm)

PI

26(1)

121 (3)

P2

44(1)

208 (5)

P3

58.5(1)

271 (3)

P4

71(3)

. 333 (9)

P5

84(2)

394(7)

P6

95(1)

446(5)

Latissimus dorsi normalisation measures have been graphically illustrated
in Figure 3.1.
|

Deltoid

Distance f r o m S C J
(%)

Distance from SCJ
(mm)

Dl

37(1)

141 (4)

m

51 (2i

194(5)

D3

57(1)

218(3)

D4

62 (%)

237 (7)

D5

69(1)

264 (4)

D6

76(1)

290 (4)

83(1)

317(6)

W

^ ': ''••(•.

:

Table 3.1. Averaged normalised data from three cadavers for the segments of deltoid and
pectoralis major. T h e values for the deltoid represent either a distance ( m m ) or percentage
(%) ofthe total distance from the SCJ (sterno-clavicular joint) to the medial spine ofthe
scapula (total normalisation length). The values for the pectoralis major similarly represent
either a distance ( m m ) or percentage (%) ofthe total distance from the A C J (acromioclavicular joint) to the lower lateral-most fibres ofthe pectoralis major (total normalisation
length). Values are represented as the middle of each segment origin. A different
normalisation format for the latissimus dorsi was used and hence is not able to be tabulated.
Normalisation for the latissimus dorsi is adequately represented in Figure 3.1 and further
elaborated, along with the deltoid and pectoralis major, in the Methods section ofthe second
experiment. Standard deviations are bracketed.
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normalisation length* (Figure 3.2) was achieved by using malleable solder wire,
which was subsequently straightened out, and the total length ofthe wire measured
with a mler. A similar procedure was utilised for the deltoid in which the total
distance from the stemo-clavicular joint to the medial spine ofthe scapular was
calculated (Figure 3.2). A more quantitative format ofthe normalisation procedures
is depicted in Table 3.1. The centre of each segments origin could now be expressed
as a percentage of this total measured distance as the distance to each segmental
screw (Phillips head) was also measured with the solder wire following the origin
circumference. It was also checked that a straight line between the centre of each
segments origin and insertion point did pass through the centre of each segment
where the electrodes would be attached. This was a distance of approximately 25%
from the muscular origin of each segment on all three muscles. The insertions of
each segment for the pectoralis major and the deltoid were also noted for subsequent
surface anatomy palpation.

For the latissimus dorsi no solder wire was needed as linear measurements were
used to normalise segment location for the subsequent electrode placements on this
muscle; see Figure 3.2 for details.

The cross sectional area (CSA) of each individual muscle, and its muscular
segments, were then determined. The formulas used for this calculation (Wood,
Meek, & Jacobsen, 1989) were as follows:

•Basically a length in which the origin ofthe muscle was traced, with the start andfinishpoint
easily identifiable landmarks.
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Volume (cm3)
CSA=

Mass (grams)
where Volume =

Muscle length (cm)

Density (grams/cm3)

In instances where a segment contained pennate muscle fibres, the physiological
cross sectional area (PCSA) was utilised. The formula used for this calculation was
as follows:

PCSA = CSA x Cos a (where a = angle of pennation)

For both formulas, density was considered to be a constant and to represent a value
of 1.056 grams/cm3 (Leiber, 1992) with the muscle length not including any
tendinous components in its calculation (Wood et al., 1989). The calculation of
cross sectional area for each segment and each whole muscle allowed the
determination ofthe percentage contribution to total cross sectional area for each
segment ofthe pectoralis major, latissimus dorsi and deltoid. The percentage
contribution to total cross sectional area for each segment in all three muscles was
then divided into total cross sectional area values of each muscle from a much
broader database (Veeger, VanDerHelm, VanDerWoude, Pronk, & Rozendal, 1991).
This enabled an estimate for the total amount offeree each particular segment could
potentially produce. Specifically, this study (Veeger et al., 1991) provided cross
sectional area data from 29 deltoid specimens, 16 pectoralis major specimens and 18
latissimus dorsi specimens. The averages of these values were used for each muscle.
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Neural Innervation Procedures
The left side ofthe cadaver was used to determine the neural innervation of all three
muscles, and their segments, with the objective of determining whether individual
primary nerve branches innervate individual segments. The findings were
confirmed through dissection of a second cadaver. Following the removal ofthe
skin and fascia from the back, shoulder and chest covering each muscle, the nerve
branching to latissimus dorsi was investigated. The thoracodorsal nerve, supplying
the latissimus dorsi, was located by blunt dissection in the posterior axillary region
between the teres major and minor and the uppermost fibres of latissimus dorsi.
Once located, the thoracodorsal nerve was cut 4 to 5 em's from its origin on the
posterior cord ofthe brachial plexus and then removed along with the latissimus
dorsi muscle to be examined under a dissection microscope. The nerve branching of
the thoracodorsal nerve was then followed by blunt dissection into the latissimus
dorsi muscle mass as far as the resolution ofthe dissection microscope (x5) would
permit anatomical observation. Some musculature of latissimus dorsi was dissected
away in order for this nerve's branching to be accurately described.

The axillary nerve, supplying the deltoid muscle, was located by dissection ofthe
area surrounding the quadrilateral space; this being facilitated by the posterior
portions ofthe deltoid being removed from their scapula origin. This allowed the
axillary nerve to be located where it entered the deep surface ofthe deltoid. Once
located, the axillary nerve was cut approximately 3 to 4 cm from its origin on the
posterior cord ofthe brachial plexus. The deltoid, along with the axillary nerve and
its branches, were then completely detached from the remainder of its origins on the
acromion and clavicle and also from its insertion on the deltoid tuberosity. This
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allowed the muscle and nerve supply to be examined in situ under a dissection
microscope.

The medial and lateral pectoral nerves, supplying the pectoralis major, were located
at their origin on the medial and lateral cord ofthe brachial plexus respectively.
With the deltoid muscle removed, this was achieved by cutting through the lateral
third ofthe clavicle and then dissecting away the fascia and blood vessels to expose
the brachial plexus anteriorly. The pectoralis major was then cut from its clavicular
and sternal origin and reflected back superiorly. From this position the lateral
pectoral nerve could be viewed entering the superior portions ofthe pectoralis
major. With further reflection ofthe pectoralis major the medial pectoral nerve
could be seen piercing the pectoralis minor and then entering the deep surface ofthe
more inferior portions ofthe pectoralis major. With the pectoral nerves located,
their course to the pectoralis major was followed back to their origin on the medial
and lateral cord, which was then cut on both sides ofthe pectoral nerve origin. This
enabled the more complex branching (in comparison to deltoid and latissimus dorsi)
of these nerves from the brachial plexus to be preserved. The pectoralis major was
then cut from its insertion, which then left the attachment to the thorax being only
the medial pectoral nerve exiting through the pectoralis minor. The pectoralis minor
was then carefully dissected around the medial pectoral nerve keeping a small
square (approx. 30 mm diameter) ofthe pectoralis minor intact through which the
nerve passed. The pectoralis major, pectoral nerves and the medial and lateral cords
were then placed under a dissection microscope where again the primary nerve
branching was followed by blunt dissection as far into the muscle mass as possible.
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Segmental Geometry Procedures
Line of Action Model
A straight line of action model* was implemented (Figure 3.3) to ensure that the
origin and insertion point screws, which represented the middle of each segment's
origin and insertion, also represented the line of action of each segment upon
contraction. This involved securing string lines between the self tapping screws,
previously secured to the middle of each segmental origin and insertion, and pulling
taut the string whilst noting if any bony or soft tissue structures interfered with a
straight line of action for each segment. This was done with the cadaveric shoulder
stabilised at 20 and 50° of abduction in the coronal plane. Two positions of upper
limb abduction were chosen to establish if any changes in the musculo-skeletal
geometry and subsequent EMG waveform would become apparent upon analysis.
The 50° position was chosen as this was determined to be the upper limit of
abduction that would still preserve the integrity ofthe cadaveric shoulder joint and
hence the validity ofthe subsequent musculo-skeletal geometrical analysis.

The positions (20 and 50° of shoulder joint abduction) ofthe cadaveric shoulder
joint were obtained with no dissection ofthe glenohumeral joint capsule, ligaments,
or rotator cuff musculature. The head ofthe humerus was therefore maintained in its
usual position on the glenoid fossa. In instances where the taut string lines contacted
surfaces (boney, muscular or ligamentous structures) between their attachments, the
origin was moved to a suitable "pseudo" origin, (Hogfors, Sigholm, & Herberts,
1987) and this new origin was marked (Figure 3.3). This ensured that a straight line

* A line of action model in which the line of action for a segment/muscle is represented as a straig
line between its last point of contact (boney, ligamentous or muscular) and its insertion (Figure 3.3).
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Figure 3.3. A diagram illustrating h o w the line of action model was implemented. T w o
possible segmental lines of action are shown for the pectoralis major, with an electrode
placed at the nominal 2 5 % ofthe distance from origin to insertion on one of these lines of
action. A probable original and pseudo origin representing a segment ofthe deltoid is also
depicted. Note that the dashed line representing the original line of action for this deltoid
segment would have passed through the head ofthe humerus, hence the need for the origin
to be m o v e d (pseudo origin) to the last point of contact on the humerus. Circles with
crosses inside represent the self-tapping screws (origins and insertions) that were utilised,
with the black lines representing the string lines (lines of action). Only a limited number of
actual segmental lines of action have been shown for explanatory purposes.
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of action model was not violated. These origins were taken as the last point of string
contact between segmental origin and insertion points.

Three-Dimensional

Musculoskeletal

Geometric

Analysis

Three-Dimensional Cartesian Coordinates for each segment were obtained by
utilising a vertical milling machine (Figure 3.4) and custom made pointers (Figure
3.5). The custom-made pointers were fastened to the milling machine vice and a

Figure 3.4. Photograph depicting the vertical milling machine, custom-made pointers and
cadaveric fixture used for obtaining Three-Dimensional Coordinates from segmental
attachment points located on the cadaver. By positioning the cadaver on the fixture placed
in front of the milling machine, and moving the mill slides (X, Y and Z), the pointers could
gather Three-Dimensional Coordinates relative to a position of origin; 0,0,0 (the jugular
notch).
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Posterior view

Lateral View

Figure 3.5. A posterior and lateral view of the cadaver stabilised in the cadaveric fixture.
The lateral view shows the pointer that was used to locate the Philip's head centre of each
screw (segmental origins and insertions). The upper limb is positioned at 20* of abduction
by means of a string line attached to the mid humerus.

cadaveric fixture was placed in front of the mill upon which the bisected cadaver
was mounted (Figures 3.4 and 3.5). The milling machine X (horizontal), Y
(vertical) and Z (in and out) mill slides, when coupled with the custom-made
pointers (front and back) fastened to a machine vice and bolted square to the mill
table axis, provided a Three-Dimensional Coordinate system (accurate to 0.01 mm)
for attaining anatomical locations. For our purposes the origin (0, 0, 0) of this
coordinate system was the jugular notch. The coordinates for each anatomical
location were viewed on the digital displays provided on the milling machine. To
enable accuracy and immobilisation of anatomical coordinate locations, the cadaver
(bisected at the waist) was stabilised in the fixture by coach screws (5/16 diameter,
100 mm long) which were screwed into several regions of vertebrae (Figure 3.5).
This allowed complete stabilisation ofthe torso while still allowing freedom of
movement at the shoulder joint. Further support was provided by velcro straps
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secured around the waist and both shoulders with these straps then fastened to the
fixture. The cadaver's head was also secured with string line to prevent unwanted
movement (Figure 3.5). Overall cadaveric sag* and hence accuracy over the
approximate 3hr testing period was quantitatively assessed by measuring specific
anatomical locations before and after the testing period.

The cadaver was placed on the cadaveric fixture (Figure 3.5) which was positioned
facing the milling machine such that the anterior (sternal) surface ofthe cadaver
faced the long axis ofthe milling table. The fixture, with the mounted cadaver, was
positioned on the floor in front ofthe mill table at a distance so as to allow the
measurement of all anatomical points (delineated by self-tapping screws; see line of
action model above) by both front and back custom pointers. The back pointer was
used to obtain coordinates from the more posterior portions ofthe deltoid and also
the latissimus dorsi segments, which could not be reached with the front pointer. It
was ensured that the front and back pointer ends, when changed in the mill vice
fixture, came to rest in the same location in Three-Dimensional space (± .5 mm).
Once in an appropriate position, the cadaver was aligned according to the Y and Z
axes ofthe milling machine. For example, this was achieved by aligning each
acromion process with the custom-made front pointer to the same coordinate as
displayed on the digital readout for Y and Z dimensions. Changes in the height of
the fixture were made possible by adjusting screws in the bottom of each leg. Once
in position the fixture was not moved for the duration ofthe experiment. With the
cadaver accurately positioned in front ofthe milling machine the right upper limb

' The amount (if any) that the cadaver moved due to gravitational forces during the testing period
Later measurements revealed less than ± 1 m m on all X, Y and Z anatomical locations.
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was positioned at 20° of abduction (from the vertical) in the coronal plane by a
custom arthrodial protractor and a spirit level taped to the bottom ofthe protractor.
The arm was stabilised in this position by a secured string line attached to the lower
humeral shaft. In this position all anatomical coordinates were gathered by
manipulating the position ofthe pointer's end with the three mill handles to the
centre of each screw (which represented each origin and insertion point). This was
then repeated with the upper limb positioned at 50° abduction.

The axis of rotation for the shoulder joint was considered as a fixed centre of
rotation located in the middle ofthe humeral head with this positioning being used
in similar experiments (Hogfors et al., 1987). Taken into consideration with the
calculation of this position, was the interpretation that the centre ofthe humeral head
was 25 mm from the periphery ofthe head* (Steindler, 1973). Furthermore, due to
the angulation ofthe humeral head relative to the shaft, the centre is also 10 mm
medial to the long axis ofthe adult humerus (Steindler, 1973); this being illustrated
in Figure 3.6. This position most closely approximates the instantaneous centre of
rotation for the shoulder joint which is always within ± 6 mm ofthe centre ofthe
humeral head (Poppen & Walker, 1976). To locate this position the X, Y and Z
coordinates of two opposite points (the two R locations; Figure 3.6) on the
circumference ofthe cadaveric humeral head were located. The centre of a line
joining these two points was considered the axis of rotation for the shoulder joint
(Figure 3.6). A further coordinate, shifted 10 mm lateral to the humeral head centre,

' This calculation was found to be accurate with measurements ofthe cadaveric head revealing a
diameter of 50 m m (± 2 m m ) .

67

Muscles within Muscles

was used as the upper coordinate for the humeral shaft whilst a coordinate w a s
similarly gathered for the middle ofthe lower end ofthe humeral shaft just proximal

Figure 3.6. A diagram (Steindler, 1973) depicting afrontalview ofthe left humeral head.
Shown is the offset (10 m m ) ofthe humeral head centre (0) in relation to the long axis ofthe
humerus. Furthermore the R locations on the periphery ofthe head were similarly located in
this experiment with the resulting midpoint ofthe line drawn through these two points
delineating the rotation centre. Also depicted is the angulation ofthe head with respect to
the long axis ofthe humeral shaft (43°).

to the supracondylar ridges. A straight line between these points thus represented
the humeral shaft.

All recorded coordinates were initially entered into a spreadsheet package
(Microsoft Excel) and then transferred into a computer aided design package
(AutoCAD) where they were analysed and graphically represented. Variables that
were analysed included:
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• Angles between the segmental lines of action and the movement vector.
• Segmental moment arms.
• The rotational component of a segments total force output.
• Angles between adjacent segment lines of action.

To estimate reliability the measurement of coordinates for the biomechanical
analysis was repeated on three other separate occasions*.

Scaling and Normalisation
Critical X, Y and Z dimensions (shoulder acromial width, sternum length and
anterior-posterior chest depth respectively) from the shoulder girdle ofthe cadaver
were recorded. These same dimensions were measured in the subjects that were
later used in the electromyographic experiments. The differences in these critical
measurements between the cadaver and the subjects were then used as the scaling
factor that was multiplied to each X, Y and Z coordinate from the cadaver (Figure
3.7).

' Later analysis revealed an average standard deviation of 1.75 m m for all X, Y and Z coordinates
the four individual recording periods in which coordinates were gathered.
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Figure 3.7. The critical X , Y and Z anatomical dimensions that were used for scaling
purposes between the cadaver and the subjects participating in the second and third
experiments. Acromial width (X) was measured from the lateral angles of each acromion
process. Sternum length (Y) was measured from the jugular notch to the inferior end ofthe
xiphoid process. Anterior-posterior chest depth (Z) was measured from the spinous process
of T 8 to a level on the sternum adjacent to the fourth rib. This approximated a horizontal
measurement.
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Results
Section A: Evidence of Segmental Anatomy
Pectoralis Major
After dissection of the 10 cadaveric shoulder joints, six segments (P1-P6) were
identified. These segments were labelled PI, for the most superior segment
(clavicular), through to P6 for the most inferior segment (Figure 3.8). All segments
could be distinguished on the basis of their divergent lines of action (Table 3.2).

Lines of action; degrees
of difference between
adjacent segments

P1-P2

P2-P3

P3-P4

P4-P5

P5-P6

22(1)

20(1)

16(1)

21(1)

15(1)

Table 3.2. The degrees of difference between adjacent segment lines of action for the
pectoralis major. Angular measurements were taken from both sagittal andfrontalplane
views depending on the orientation ofthe segmental line of action. Values are in degrees.
Standard deviations are in brackets. Grand mean data from 20 subjects.

Their distinct attachment points or the presence of intramuscular fascial thickenings
could further distinguish four segments (PI, P2, P5 and P6). Segments P3 and P4,
both with a non-distinctive sternal origin, could only be distinguished by their
divergent lines of action and hence had arbitrary boundaries.

In addition to differences in adjacent segment lines of action segment PI was
distinguished by its unique attachment onto the clavicle; this segment being
commonly known as the clavicular head of pectoralis major. As seen in Figure 3.8,
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Figure 3.8. A n anterior view outlining the segments ofthe pectoralis major. The yellow
pins delineate the middle of each segments origin. Each segments approximate line of
action has also been included (green arrows) for illustrative purposes. The dotted lines
represent areas of intramuscular fascial thickenings (P1/P2 and P2/P3) and differing origins
(P5 and P6).

PI had a muscular origin (extending approximately 7 0 m m ) covering the medial
third clavicle to the sterno-clavicular joint. Its strap-like fibres ran obliquely
downward from its origin and inserted, with a twisting of its fibres, in a 35 mm wide
aponeurosis extending longitudinally down the shaft onto the distal portion of the
lateral lip ofthe bicipital groove; this insertion being similar to P2 (Figure 3.9).
Also apparent, in all cadavers investigated, was an evident intramuscular fascial
thickening between this segment and P2, which ultimately determined the boundary
between these two segments.
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Pectoralis Major Segmental Insertions

Figure 3.9. The insertions of pectoralis major segments. Note how the lower-most
segments insert most superiorly and the upper-most segments insert most interiorly on the
humeral shaft.

Segment P 2 was easily delineated by intramuscular fascial thickenings at its superior
and inferior borders and by its >10° difference in adjacent segment lines of action to
PI and P3 (Table 3.2). The fascial thickening, delineating the boundary between P2
and P3, was located at the lower margin of the second rib. As stated previously, P2,
together with PI, possessed the most distal insertion on the lateral lip ofthe bicipital
groove (compared with the remaining pectoralis major segments) with a blending
and twisting of their fibres making the insertion common between these segments.
At this insertion the fibres from these two segments ran superficial to the lower
segment fibres of pectoralis major which twisted beneath these upper segments
(Figure 3.9).
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Differences in lines of action were used to distinguish segments P3 and P4. For
example, as the included angle formed between the lower border of P2 and the upper
border of P5 constituted 41° it was decided to split this area of muscle mass, based
upon the > 10° line of action difference criterion, into two segments to be equally
spaced between segments P2 and P5. This also resulted in these segments having a
size relatively similar to the remaining pectoralis major segments.

Segments P3 and P4 were rather homologous in their anatomy in that no evidence of
fascial thickenings were apparent within the lengths of these segments. Although
the origin of these segments muscle mass spanned most ofthe sternum no obvious
partition was apparent within the muscle mass that provided an anatomical marker to
split these two segments according to attachment differences. In contrast, segment
P5 had slips of its origin arising from muscle fibres of rectus abdominus as well as
attaching to costal cartilage which designated the origin of this segment as distinct.

Segment P6 was delineated by its unique origin with its fibres arising from the costal
cartilages of ribs 7 and 8 and the aponeurosis ofthe external oblique. The insertion
of P6, together with P5, were the most superiorly inserted segments on the humerus
with fibres from these segments blending at their insertion point to pass beneath the
more superior segments to insert on the proximal portion ofthe lateral lip ofthe
bicipital groove (Figure 3.9).

Ditissimus Dorsi
The dissection ofthe 10 cadaveric shoulder joints identified six segments in this
muscle with one segment being able to be distinguished based on differences in its
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origin and/or insertion, and five segments being able to be distinguished by their
differing lines of action (Figure 3.10). For identification purposes segments

Figure 3.10. A posterior view outlining the segments of the latissimus dorsi. The red pins
delineate the middle of each segment and subsequent electrode placements. Segment L 6 has
been dissected from its costal origin, which is marked by the three light green pins. Note
the relatively homogenous structure to the latissimus dorsi but the differing attachments
(thoracic and lumbar vertebrae, sacrum, iliac crest and ribs) onto the skeleton for various
segments.

were labelled L I , for the most superior segment through to L 6 which had the most
lateral origin on the lower three ribs (Figure 3.10). Specifically, the wide area of
origin for the latissimus dorsi spanning the lower thoracic and all lumbar vertebrae,
the posterior iliac crest, sacrum and lower three ribs seemingly ensured that differing
origins (Figure 3.10) would be apparent for each segment. However, the delineation
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of where one segment's muscle massfinishedand another started could not
accurately be ascertained due to muscle mass (L1-L5) attaching onto the
thoracolumbar fascia and then to the respective regions of vertebrae or pelvis. Only
L6 could be definitively separated from L5 due to attachment differences as L6 had
a costal attachment whereas L5 originated on the pelvis. Accordingly, similar to the
segments of pectoralis major this area ofthe latissimus dorsi muscle mass was
equispaced to allow for 5 segments (L1-L5) to be delineated. L1-L5 was therefore
definitively categorised according to the geometrical criterion of a >10° difference
in their lines of action between adjacent segments (Table 3.3). Only 6° were
apparent between L5 and L6 (Table 3.3). Any more than these five equispaced
segments would have resulted in line of action differences being less than 10°
between adjacent segments.

Lines of action; degrees
of difference between
adjacent segments

L1-L2

L2-L3

L3-L4

L4-L5

L5-L6

1KD

H(i)

15(0)

12 (.0)

6(1)

Table 3.3. The degrees of difference between adjacent segment lines of action for the
latissimus dorsi. Angular measurements were takenfromboth sagittal andfrontalplane
views depending on the orientation ofthe segmental line of action. Values are in degrees.
Standard deviations are in brackets. Grand mean data from 20 subjects.

The latissimus dorsi also exhibited similar insertional characteristics to the pectorali
major with a twisting of fibres onto the medial lip ofthe bicipital groove with
differing insertion points for some segments.

As stated, although the origins of segments L1-L5 were vast, the boundaries of these
segments were difficult to ascertain due to the homogeneity within the muscle mass.
76

Muscles within Muscles

The following attachments ofthe L1-L5 origins are therefore best estimates for each
of these segments in accordance to the subdivisions that were imparted due to the
differences in their lines of action.

Segment LI had its origin on the spinous processes ofthe seventh, eighth and ninth
thoracic vertebrae via a thin aponeurotic sheet (the uppermost thoraco-lumbar
fascia). Muscular slips from this segment also originated on the inferior border of
the scapula. This observation was consistently found in all ten cadavers that were
examined. Segment L2 originated on the spinous processes ofthe 10th, 11th and 12th
thoracic vertebrae via the thoraco-lumbar fascia. L3 originated on the spinous
processes ofthe first and second lumbar vertebrae. The fibres of L1-L3 converged
and twisted as they inserted the most distally onto the medial lip ofthe bicipital
groove. Segment L4 originated from the spinous processes ofthe third, fourth and
fifth lumbar vertebrae via the thoraco-lumbar fascia and also via an aponeurosis onto
the sacrum. Segment L5 originated by muscular attachment to the posterior iliac
crest. Segment L6 originated on the lower 3 ribs via muscular slips to each of these
ribs and fascial thickenings were evident between the adjacent L5 segment. The
fibres ofthe lower three segments similarly converged together to twist near their
insertion onto the most superior portion ofthe medial lip ofthe bicipital groove.

Deltoid
The deltoid muscle was divided into seven segments (Figure 3.11) based on
architectural differences within the muscle mass and differing origin and insertions
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Figure 3.11. A n antero-lateral view ofthe right shoulder region outlining the origin and
insertion for each of the seven deltoid segments. The bulk of each segment has been
dissected away whilst leaving intact the origin and insertions of each segment. These
attachments have been painted for ease of identification, with the origin (superior) and
insertion (inferior) of the same segment having the same colour. A s indicated, from anterior
to posterior, segment D l has been painted red, D 2 green, D 3 black, D 4 yellow, D 5 tan, D 6
white and D 7 khaki.
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with line of action differences also apparent between segments (Table 3.4). In
contrast to the latissimus dorsi and the pectoralis major seven anatomically distinct
segments were found and large sections ofthe muscle were not homogenous. Line
of action differences were still evident between some adjacent segments (Table 3.4)
but differing attachments now delineated the boundaries of each segment to a greater
extent than in the previous two muscles.

Lines of action; degrees
of difference between
adjacent segments

D1-D2

D2-D3

D3-D4

D4-D5

D5-D6

D6-D7

16(1)

7(0)

22(1)

10(0)

2(0)

10(1)

Table 3.4. The degrees of difference between adjacent deltoid segment lines of action.
Angular measurements were taken from both sagittal andfrontalplane views depending on
the orientation ofthe segmental line of action. Values are in degrees. Standard deviations
are in brackets. Grand mean data from 20 subjects.

The most anterior segment was labelled D l through to the most posterior segment,
which was labelled D7.

The fibres of segment Dl originated via a muscular attachment extending 60 mm in
length along the lateral third clavicle to the acromio-clavicular joint. From this
relatively broad origin these strap-like fibres then converged onto the medial side of
a broad flat tendon (15 mm wide) which attached vertically onto the mid humerus
and spanned a distance of 45 mm in length. The most distal portion of this
attachment was about 15-20 mm superior and 10 mm medial to the deltoid
tuberosity (the deltoid tuberosity in this study was defined as only being the
attachment point for D3; see Figure 3.11). The uppermost 10 mm of this broad
attachment blended in to have a common insertion with the aponeurosis ofthe lower
most fibres of pectoralis major. This segment was classified by the insertion of its
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fibres on the medial side ofthe aponeurotic tendon mentioned above and its
exclusive origin from the clavicle.

Fibres from D2 originated from a muscular origin spanning 35 mm, and covering the
anterior and antero-lateral portions ofthe acromion. Superiorly, D2 lateral fibres
merged with D3 fibres near their origin and had to be dissected from the muscle
fibres of D3. Inferiorly, the fibres attached to the lateral side of the Dl tendon thus
forming an adjacent insertion point with Dl. The muscle fibres from D2 however
terminated more inferiorly on this central tendon than the muscle fibres from Dl.
The converging of Dl and D2 fibres on either side of a central aponeurotic tendon
thus formed a bipennate arrangement of muscle tissue within this area ofthe deltoid
insertion (Figure 3.12). These two segments could thus be identified according to
this medial bipennate insertion relative to D3 and the 16° difference in their lines of
action (Table 3.4).

Segment D3 originated from a 30 mm wide muscular origin, which covered the
lateral-most portion ofthe acromion. The fibre architecture of this segment differed
considerably from the remaining segments, being a multi pennate design, (see Figure
3.1) with segmental fibres criss-crossing along their length to insert via a muscular
attachment on the deltoid tuberosity (Figure 3.13). The insertion of D3 spanned a
width of 25 mm in which the medial and lateral most fibres of this segment inserted
more superior than the more centrally located fibres. This insertional arrangement
thereby formed a taper where the most central portion ofthe segment inserted the
most distally on the humerus (Figure 3.13). This segment was the only segment to
insert on the deltoid tuberosity as classically described. The insertion of D3 was
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Figure 3.12. A magnified view of the bipennate insertion formed by D l and D 2 on the
central tendon on the medial side of the deltoid tuberosity (D3 insertion). The dotted line
represents the boundaries ofthe deltoid muscle with the yellow pin representing the
pectoralis major.
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Figure 3.13. A lateral view ofthe right deltoid highlighting the multipennate structure
(arrows) and distal tapering insertion (orange pin and dotted line) of the D 3 segment. Green
arrows delineate the anterior and posterior borders of this multipennate segment. The
cephalic vein can be seen running superficial to the biceps brachii muscle mass.
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also the most distal insertion point of all the segments ofthe deltoid (Figure 3.13).
The deep muscle fibres of this segment merged with the underlying muscle fibres of
D4 and had to be dissected away approximately halfway along the length of this
segment.

The fibres from D4 originated from a 25 mm wide muscular origin extending from
the postero-lateral acromion to the most lateral portion ofthe spine ofthe scapula.
The fibres then passed obliquely inferiorly and anterior to insert relatively proximal
on the humeral shaft in relation to the D3 insertion (Figure 3.14). D4 fibres hence
inserted deep to the fibres of D3, which ran superficially over the D4 insertion to
their more distal attachment. The central portion ofthe D4 insertion was located at
78.5% ofthe distance on a line connecting the mid acromion to the deltoid
tuberosity. This was the most proximal insertion point of all the deltoid segments
and was thus classified according to this relatively proximal attachment and also the
relatively large 22° difference in its line of action in comparison to D3 (Table 3.4).

Segment D5 had an aponeurotic origin on the spine ofthe scapula some 40 mm
medial to the lateral most portion ofthe acromion and spanning a distance of 30 mm
from this position. These fibres then passed obliquely inferiorly and anteriorly to
insert via a 70 mm wide aponeurotic tendon lying directly posterior to the D4
insertion and also running parallel with it up the lateral side ofthe humeral shaft
(Figure 3.11). This aponeurotic tendon blended in and shared the same attachment
with the lateral head of triceps brachii.
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I

D:

Figure 3.14. A lateral view of the deltoid showing the D 4 insertion. The fibres from D 3
have been cut and reflected back from their insertion to reveal the underlying and more
proximal D 4 insertion. This insertion was the most proximal of all the deltoid segments and
inserted deep to the fibres of D 3 . The insertions of D 5 , D l and D 2 can be seen on either
side of the D 4 insertion.
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Thefibresof segment D 6 originated from a thin aponeurotic tendon, which was
attached to the spine ofthe scapula mid way between the acromion and the medial
most portion ofthe spine ofthe scapula. The origin only covered approximately 15
mm ofthe spine ofthe scapula in length with the most superior fibres being
aponeurotic (Figure 3.11). There were very few fibres attaching to this relatively
small origin with the fibres from D7 passing under the superficial attachment ofthe
D6 origin. The fibres then ran obliquely inferiorly and anteriorly to insert into the
common tendon shared with D5 (Figure 3.11). The muscle bulk of D6 terminated in
this aponeurotic tendon 20 mm superior to the terminal muscle fibres of D5 thus
classifying this segment. This segment was the smallest in cross sectional area.

Segment D7 originated the most medially on the spine ofthe scapula via a broad
aponeurotic tendon spanning 40 mm in length along the spine terminating at the
deltoid tubercle. The fibres then ran obliquely downwards and forwards to insert
onto the underside ofthe tendon shared by D5 and D6. The fibres from this segment
inserted into this aponeurotic tendon 20 mm superior, and slightly more posterior
than fibres from D6 thus delineating this segment's classification (Figure 3.11).

A schematic illustration giving an overall perspective for each ofthe deltoid
segment insertions is depicted in Figure 3.15.

Muscle Cross Sectional Areas
The results for cross-sectional area and subsequent estimates of potential force
values for the deltoid and also the pectoralis major and latissimus dorsi are displayed
in Table 3.5. This table gives an indication ofthe amount of force (newtons) each
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antero-lateral view

postero-lateral view

Figure 3.15. A schematic illustration depicting the insertions of each segment ofthe deltoid
onto the humeral shaft viewed from both antero-lateral and postero-lateral perspective's.
Note the distal and proximal insertions of D 3 and D 4 respectively, the more anteriorly
placed D l and D 2 insertions and the differing attachments onto the c o m m o n tendon for D 5 ,
D 6 and D 7 . Taken from previous work (Wickham & Brown, 1998).
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Muscle

Volume
3

CSA
2

% of total

Adjusted

Force

(cm )

length (cm)

(cm )

muscle mass

C S A (cm2)

(newtons)

PI
P2

36.3

14.9

2.4

20.5

3.1

91.9

50.8

17.1

3.0

25.1

3.8

112.6

P3

27.3

.17.5

1.6

13.2

2.0

59.1

P4

33.9

19.4

1.7

14.7

2.2

65.8

P5

35.5

19.2

1.8

15.6

: 2.3

69.8

P6

26.6

20.3

1.3

11,0

1.7

49.4

LI

23.9

19.2

1.2

13.2

1.2

36.6

L2

42.9

23.1

1.9

19.7

1.8

54.6

L3

41.5

23.9

1.7

18.3

1.7

50.7

L4

44.4

25.6

1.7

18.3

1.7

50.7

L5

47.3

28.3

1.7

17.7

1.6

49.1

L6

26.7

22.1

1.2

12.7

1.2

35.2

Dl

55.3

15.6

3.5

15.2

4.2

126.1

D2

47.5

14.6

3.3

.4.0

3.9

115.8

D3

62.1

12.4

5.0

21.5

6.0

178.6

59.3

14

4.2

18.2

5.0

151.2

12.1

3.5

15.1

4.2

125.6

D4

.

D5

42.6

D6

. 18.9

11

1.7

7,4

2.0

61.4

D7

26.7

13.4

2.0

8.5

2.4

71.0

'

:

Table 3.5. Anthropometric data gathered from one cadaver. The percentage of total muscle
mass (% of total muscle) column refers to the cross sectional area ( C S A in c m 2 ) column
with the segment n o w expressed as a percentage ofthe total muscle mass for that muscle.
The adjusted C S A (cm 2 ) column has been obtained by dividing a representative figure (cm 2 )
from the literature, for the particular muscle, by the percentage of total muscle mass
obtained in this study. The size ofthe cadaver used in this study approximated values
obtained by other authors (see text). The force data was obtained by multiplying the
adjusted C S A (cm 2 ) by a constant of 30 newtons (Enoka, 1994).
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segment could potentially produce upon maximal stimulation. Furthermore, each
dissected segment ofthe deltoid is displayed in Figure 3.16 to give a more
qualitative indication of the relative size and cross sectional area of each identified
segment. Note that segment D3 was given a pennation angle of 10° (Laursen, 1996)
and hence the PCSA formula was used for the calculation of this segments area (see
methods).

Figure 3.16. Photograph ofthe seven anatomical segments ofthe deltoid after each segment
had been dissected away from the shoulder. Each segment is positioned with the origin
placed superiorly. Segment D 6 was the smallest in cross sectional area (see Table 3.5) with
D 3 being the largest. Note also the length of D 3 and the curvature of the remaining
segments.
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S e c t i o n B : N e u r a l Innervation
Pectoralis Major
The lateral and medial pectoral nerves innervated the pectoralis major. The medial
pectoral nerve originated from the medial cord ofthe brachial plexus and passed
inferiorly beneath the pectoralis minor muscle. It then pierced this muscle to
innervate approximately the lower third ofthe pectoralis major. Specifically,
branches entered segments P4, P5 and P6 approximately midway along these
segments length (Figure 3.17). The lateral pectoral nerve, being somewhat larger
than the medial pectoral nerve, arose from the lateral cord and travelled on the
undersurface ofthe proximal portions of pectoralis major whereupon branches
entered the muscle. Specifically, the lateral pectoral nerve was divided into two
branches with the uppermost branch entering PI and P2 and the lowermost branch
entering P3 and P4. This branch also had a portion joining the medial pectoral nerve
near its origin (Figure 3.17). In summary, each individual segment of pectoralis
major did not receive its own individual primary nerve branch, however there was
peripheral nerve branching evidence of a superior (PI, P2, P3 and P4) and inferior
(P6, P5 and P4) innervation distribution between the lateral and medial pectoral
nerves respectively.

Latissimus Dorsi
The latissimus dorsi received its innervation via the thoracodorsal nerve. This nerve
arose from the posterior cord ofthe brachial plexus and split into two main primary
nerve branches upon entering the axillary portion of the muscle (Figure 3.18). The
uppermost branch entered LI, L2 and L3 and was seen to split into 4 to 5 smaller
branches nearer the axillary portion of these segments. The other primary nerve
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Figure 3.17. Photograph depicting the dual innervation (medial and lateral pectoral nerves)
of pectoralis major. The undersurface of pectoralis major is shown with a portion of
pectoralis minor left intact where the medial pectoral nerve (blue) pierced through its
muscle mass to supply the lower segments of pectoralis major. The two branches of the
lateral pectoral nerve are coloured green and red and can be seen entering the upper
segments of pectoralis major. Orange pins delineate the centre of each segment with the
white lines representing the borders.
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Figure 3.18. A photograph depicting the innervation to the latissimus dorsi. The primary
nerve branches of the thoracodorsal nerve (red, green and blue) are shown entering the
segments ofthe latissimus dorsi.
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branch entered the lowermost segments (L4, L5 and L6) with smaller branches
entering these segments at more varying lengths of each segment. One of these
branches split from the main peripheral nerve approx 40 mm more proximal and was
considered to be a third primary nerve branch. This branch entered L4 about
halfway along its length and showed no evidence of further branching (Figure 3.18).
In summary it could not be stated with certainty that each individual segment
received its own individual primary nerve branch. There was no overlap, however,
of primary nerve branching between the primary nerve branch entering LI and L2
(blue branch) and the primary nerve branch entering L6, L5 and L4 (red branch).

Deltoid
The deltoid muscle received its innervation via the axillary nerve, which originated
from the posterior cord ofthe brachial plexus. The axillary nerve was seen to split
near the middle ofthe deltoid muscle length into four primary nerve branches
(Figure 3.19). The largest branch (in both diameter and length) entered the anterior
segments Dl and D2 before splitting into 5 or 6 terminal branches. Another branch
entered segments D3 and D4 and divided into 3-4 terminal branches. A further two
branches, the most proximal on the axillary nerve, could be seen entering segments
D5, D6 and D7. These branches were the smallest in diameter.

Again it could not be stated that each individual segment received its own individual
primary nerve branch. However, the primary nerve branch (blue) to Dl, D2 and D3
showed no overlap with the two most posterior primary nerve branches to D5, D6
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Figure 3.19. A photograph depicting the innervation to the deltoid muscle. The axillary
nerve and its four primary nerve branches (red, white, green and blue) are shown entering
the undersurface ofthe deltoid muscle mass.

and D 7 (white and red branch). Similarly no overlap in primary nerve branching
was apparent between the red and the green branch to D6/D7 and D3/D4
respectively (Figure 3.19).
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Section C: Segmental Geometry of all Muscles
Lines of Action and Moment Arms
Line of action overviews for differences between adjacent segments of all muscles
are displayed in Table 3.6. As indicated most segments displayed a >10° difference

Segments

Lines of action;
degrees of
difference between
adjacent segments

P1-P2

22(1)

P2-P3

20(1)

P3-P4

16(1)

P4-P5

21(1)

P5-P6

15(1)

L1-L2

11(1)

L2-L3

11(1)

L3-L4

15(0)

L4-L5

12(0)

L5-L6

6(1)

D1-D2

16(1)

D2-D3

7(0)

©3~D4^

22(1]

D4-D5

10(0)

D5-D6

2(0)

D6-D7

10(1)

Table 3.6. The degrees of difference between adjacent segment lines of action for each
muscle. Angular measurements were takenfromboth lateral and anterior views depending
on the orientation ofthe segmental line of action. Values are in degrees. Standard
deviations are in brackets. Grand mean datafrom20 subjects.
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in their lines of action when compared to its adjacent segment/s with the pectoralis
major showing the greatest amount of differences between its adjacent segments.

Biomechanical and geometrical data for each segment are found in Tables 3.7 and
3.8. The average segment moment arms in both the frontal and sagittal planes are
depicted in Table 3.7, whilst the average degrees of each segments line of action
from both sagittal and frontal planes are given in Table 3.8. The moment arms for
the sagittal and frontal planes were taken from a lateral and anterior view
respectively. Additionally, the average degrees that each segments line of action
varied from the sagittal and frontal planes were taken from both anterior, lateral and
superior views depending on the line of action orientation for each segment. From
an anterior view all segments of pectoralis major and latissimus dorsi will produce
an adduction moment at both 50 and 20° of abduction. The largest segmental
moment arms for these muscles were P2 (56.4 mm) for the pectoralis major and LI
(57.3 mm) for the latissimus dorsi at 20° of abduction. All segments ofthe
pectoralis major, except P6, decreased their moment arm as the abduction angle of
the upper arm was increased; 20° in comparison to 50°. This was the opposite for
the latissimus dorsi with all segments having an increased moment arm at higher
levels of upper limb abduction (Table 3.7). For the deltoid, D3 had the largest
abductor moment arm at both 20 and 50° of abduction with 35.4 and 42.6 mm
respectively.
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Segment

M o m e n t arms at
20° abduction in
a sagittal plane
flexor

PI
P2
P3
P4
P5
P6

extensor

M o m e n t arms at
20° abduction in a
frontal plane

M o m e n t arms at
50° abduction in a
frontal plane

abductor

abductor

20.5(1.8)

adductor
^8.5(3.3)

13.5(1.8)

53.3 (4.2)

56.4(5.6) -

31.5(3.4)

49.7(4.1)

52.6(5.1)

37.1(3.3)

32.2 (2.4)

55.6 (5.9)

45.3(3.3)

12.1(1.1)

43.9(2.1)

40.7(3.5)

6.1 (.7)

41.6(1.4)

44.3 (1.7)

59.7(4.8)

57.3(4.9)

66.1 (3.5)

54.4 (4.2)

52.1(4.8)

65.8(3.2)

48.5 (3.8)

45.9 (3.5)

66.1 (2.8)

30.6(2.5)

35.5 (2.2)

60.1(2.2)

20.9(1.9)

30.8(1.6)

59.0(2.4)

15.8(1.5)

27.8(1.1)

57.8 (2.7)

LI
L2
L3
L4
L5
L6
Dl

17.7(1.6)

2.0(1.5)

6.2 (.4)

D2

23.7(2.2)

17.5(.3)

31.6(1.1)

D3

8 3 (.8)

35.4(1.4)

42.6(1.8)

35;5;(3.1) • 30.1 (J)

37.4(1.6)

D4

adductor

D5

, 45,9 (3.8)

16,9 (.3)

27.0 (i;i)

P6

50.4(4.1)

8.2 (.3)

14.9 (.5)

D7

• ,62.9 (5,9)

10.5(1.2)

4.4 (.8)

Table 3.7. Segmental m o m e n t arms. T h e m o m e n t arm data is given in millimetres with
segment actions also extrapolated and labelled as either shoulder joint flexors/extensors
(anterior or posterior to the joint centre respectively) and/or abductors/adductors (superior or
inferior to the joint centre respectively). The m o m e n t arm data has been determined from
bothfrontal(abductor and adductor) and sagittal (flexor and extensor) plane views. Values
are in milhmetres. Standard deviations are in brackets. Grand m e a n data from 20 subjects.

96

Muscles within Muscles

Degrees from a sagittal

Degrees from a frontal

plane

plane

Anterior view Superior view

Lateral view

Segment

PI
P2

,56 (.6)

6 (.6)

78* (.4)

10 (.5)

P3

83(6)

21 (.7)

P4

66 (.5)

24 (.6)

P5

46 (.5)

32 (.5)

P6

51 (.4)

39 (.9)

LI
L2

28 (.6)

62 (.8)

28 (.7)

62(1.0)

L3

28 (.9)

62(1.1)

L4

27 (.7)

63 (.9)

L5

25 (.8)

64 (.7)

L6

25 (.9)

64 (.8)

D1
D2

30 (.4)

5 (.6) .

13 (.7)

8 (.8)

D3

7 (.6)

1(.5)

16 (.5)

19 (.5)

D5

25 (.6)

23 (.6)

D6

; 2 6 (,4)

26 (.5)

D7

36 (.7)

34 (.6)

D4

•

Table 3.8. A table containing the degrees that each segments line of action varied from the
sagittal andfrontalplanes of reference for the pectoralis major, latissimus dorsi and the
deltoid. Segments degrees from the sagittal plane were taken from either a superior or
anterior view orientation in the A u t o C A D software with the segments degrees from the
frontal plane all being determined from a lateral view orientation. Standard deviations are
bracketed. Grand m e a n data from 20 subjects.

* See Figure 3.20 for an illustration of h o w thisfigure,and hence the remaining data was obtained.
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Similarly, most segments ofthe deltoid had lines of action above the axis of rotation
in the frontal plane, hence an abductor function, except D7 with 10.5 (20°) and 4.4
mm (50°) below the axis of rotation for the two abduction positions, hence an
adductor function. Segments Dl to D6 increased their abductor moment arm as
abduction angle increased from 20 to 50° (Table 3.7).

When observed in a lateral view all pectoralis major segments had a flexor moment
whilst all latissimus dorsi segments had an extensor moment with the largest
moment arm within the latissimus dorsi associated with the most superior segment
(LI with 59.7 mm). Segments Dl, D2 and D3 had lines of action anterior to the axis
of rotation (flexors) whilst D4, D5, D6 and D7 had lines of action posterior to the
axis of rotation, hence an extensor function (Table 3.7).

An estimate ofthe amount of segmental force that actually contributed to joint
rotation in both lateral (flexor/extensor) and anterior (abductor/adductor) views is in
Table 3.9. This table provides a percentage ofthe total force for each ofthe three
muscle's segments that contributed to a rotatory moment. From an anterior view (at
the 20° of abduction) large rotatory forces are apparent from P3 (98.9% of total
force) and P4 for adduction (99% of total force) with lines of action very close to
being perpendicular to the humerus. For the latissimus dorsi the upper segments had
the largest rotatory components of force (LI; 92.5%) which decreased incrementally
down to L6 with a rotatory force of 43.2% for adduction. Overall, the deltoid in
both anterior and lateral views had relatively low rotatory components as low as
1.9% of total force for D4 at 20° abduction in the frontal plane and 1.8% rotatory
force for D5 at 50° abduction in the frontal plane (Table 3.9).
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Segment

% of total force
contributing to
rotatory force at
20° abduction for
flexors/extensors

% of total force
contributing to
rotatory force at 20°
abduction for
abductors/adductors

% of total force
contributing to
rotatory force at 50°
abduction for
abductors/adductors

flexors

abductors

abductors

extensors

adductors

adductors

PI

14.6(1.4)

62.7 (1.1)

33.0(1.5)

P2

62.7(3.6)

87.3 (.3)

57.8(3.1)

P3

93.0 (1.2)

98.9 (.5)

80.2 (3.7)

P4

7 0 3 (3.4)

99.0 (.7)

90.8(3.1)

P5

53.2 (3.3)

88.1 (3.2)

74.1 (2.6)

P6

41.6(3.3)

72.7(4.1)

74.1 (3.4)

LI

91.6(1.5)

92.5 (2.5)

96.6(1.9)

L2

83.6 (2.5)

82.0 (3.6)

74.1 (1.3)

L3

75.2 (3.4)

70.7 (4)

78.3 (1.4)

L4

55.7 (3.6)

59.2 (3.9)

86.3 (2.1)

L5

38.4 (3.5)

49.1 (3.3)

83.5(1.8)

L6

29.1 (2.2)

43.2(3.1)

81.7(2.2)

Dl

8.3(1.1)

3.6(1.2)

D2

13.6(1.3)

5.5 (.9)

19.0 (.4)

D3

2 3 (.8)

17.5(1)

19.1 (.1)
12.2 (.2)

©4

32.1(2.9)

1.9 (.4)

D5

3 9 3 (3.2)

13.8(1)

D6

43.7 (3.6)

173 (1)

D7

" '

56.5(4.1)

. 6 (.9)

1.8 (.1) ,
10.7 (.6)
33.4(1.8)

25.1 (1.1)

Table 3.9. Percentage ofthe total force that contributed to rotational force for each segment.
The flexor and extensor data were taken from a lateral view whilst the abductor and
adductor data were taken from an anterior view. T h e rotatory force was calculated
trigonometrically b y the sine ofthe angle m a d e between the segment line of action and the
long axis ofthe humerus and multiplying this figure by the total force for that segment".
The % force that contributed to rotation could then be calculated by dividing the segmental
rotatory force b y the total force and multiplying by a factor of one hundred. For example, if
the line of action were 90° to the humerus a value of 1 0 0 % would be given. Values are in
percentages. Standard deviations are in brackets. Grand m e a n data from 20 subjects.
' It is acknowledged that the translatory component of a segments total force output m a y not be
purely a translatory one as this force vector m a y not pass through the joint axis of rotation (segments
attach to the periphery ofthe humeral shaft). A s this is similar for each segment the relationships
between segments will remain unchanged and hence this additional rotary element has been neglected
for simplicity.
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It is noted that the values listed in Table 3.9 are estimate values derived from a
mathematical viewpoint. Nevertheless these values are adequate to give a general
impression for how much segmental muscle force is actually contributing directly to
rotate the humeral shaft.

Figure 3.20 shows representative segmental lines of action data from an anterior
view at a humeral elevation of 20° of abduction for one subject. These same lines of
action were also viewed superiorly and laterally for a perspective from each ofthe
three cardinal planes. It should be noted that only one line from both the transverse
and sagittal planes could be seen in Figure 3.20 because ofthe frontal plane view.
All three connected points designating the frontal plane as a right-angled triangle are
illustrated.

Pseudo Origins
As previously stated in the methods section of this chapter (line of action model), in
instances where the applied string line, which represented a segment's line of action,
contacted a boney, muscular or ligamentous structure between its origin and
insertion a "pseudo" origin was determined. For the pectoralis major these segments
included P3, P4 and P5 whose muscle fibres wrapped around the thorax. These
segments origins were hence moved accordingly to their last point of contact on the
thorax.

For the latissimus dorsi all segments, except segment L6, were given a pseudo
origin. Similar to the pectoralis major, although to a greater extent, fibres from the
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coordinate origin
(jugular notch)
rotation centre

Frontal Plane

Y

Scale 1:1.9

deltoid
pectoralis major
• latissimus dorsi

Figure 3.20. A diagrammatic representation of a Three-Dimensional image represented
two-dimensionally. Segmental lines of action are depicted from an anterior view with the
upper arm abducted at 20° in the frontal plane (three points joined in the frontal plane for a
right-angled triangle). Segments are labelled at their origin with the exception of D l and D 2 ,
which have been labelled at their insertion on the medial side of the deltoid tuberosity.
Superior, sagittal and a further frontal view at 50° abduction were also used for the
calculation of geometrical (segmental lines of action) and biomechanical variables
(segmental m o m e n t arms) in these planes. Computer aided design software (AutoCAD)
was utilised for these purposes. Representative data ( A u t o C A D ) from one subject.
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latissimus dorsi also curved around the thorax and hence segment L3, L 4 and L 5 had
their pseudo origins placed on the last point of contact on the ribcage between their
original origin and insertion. The pseudo origin for LI was placed on the inferior
angle ofthe scapula with L2 being placed on the serratus anterior immediately
below the inferior angle. Segment L6 origin, from the lower three ribs with a more
vertical fibre direction, did not require a pseudo origin as no contact on the ribs was
apparent between its origin and insertion.

Segments Dl, D2, D3, D6 and D7 required pseudo origins. The pseudo origin for
Dl was placed on the lesser tubercle whilst D2 was placed superiorly on the bicipital
groove ofthe humerus. D3 contoured around the humeral head and hence its pseudo
origin was placed on the lateral-most point on the humeral head. D6 and D7
contoured around the infraspinatus and hence their pseudo origins were placed on
this muscle.

In segments that contoured around actual muscles it is realised that some minor
inaccuracies may eventuate depending on the activation patterns ofthe muscle that
the pseudo origin is placed upon. This error was considered to be smaller than the
error encountered if the pseudo origin was not used altogether. Furthermore, as two
different levels of arm elevation were utilised pseudo origins were similar yet
slightly different for the 50° abduction position due to the change in the line of
action of segments.
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Discussion
The aims ofthe current experiment were to:

• Determine whether the pectoralis major, latissimus dorsi and the deltoid were
composed of anatomically distinct muscular segments.
• Establish whether each identified muscular segment has its own unique nerve
supply.
• Calculate the geometry, moment arm and the cross-sectional area of each
identified muscular segment.

These aims were achieved through gross dissection and Three-Dimensional
geometric analysis techniques.

Pectoralis Major
Anatomy
After dissection ofthe 10 cadaveric shoulder joints, four segments (PI, P2, P5 and
P6) were ascribed to this muscle based on purely anatomical correlates (attachment
points and intramuscular fascial thickenings). The remaining muscle mass
(segments P3 and P4) was subdivided according to differences in lines of action (a
non-anatomical criterion). Hence, although the pectoralis major was ascribed six
segments only four of these could be considered as anatomically distinct muscular
segments.
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With the broad origin ofthe pectoralis major it was initially thought that the
"distinctly differing origins" criterion would be able to exclusively segment this
muscle, however, this criterion could not accurately split the area of muscle mass
which would inevitably constitute segments P3 and P4. This sternal area of origin
was rather homogenous with no definitive anatomical marker to delineate a division
in the muscle mass. In other areas of origin (clavicular, manubrial, costal cartilage
and aponeuroses of external oblique) obvious delineations were visually present and
hence segment boundaries could be defined. For instance, segments P5 and P6, in
addition to their costal cartilage attachments, had some of their superficial fibres
extending as fascial slips to attach to the fascia ofthe rectus abdominus (P5) and
external oblique (P6)\ Fascial planes between segments P1-P2 and P2-P3
complemented the origin boundaries of these upper segments enabling this region of
the muscle (PI to the upper margin of P3) to be segmented by both intramuscular
fascial tmckenings and attachment differences. Fascial planes (intramuscular fascial
thickenings) within portions of single muscles have been used previously to
compartmentalise individual muscles (McConathy, Giddings, & Gonyea, 1983;
Schieber, 1993).

As stated, to establish boundaries between P3 and P4 a non-anatomical criterion
(differences in segment lines of action) was implemented to split this area of muscle
mass as it was not considered to be functionally appropriate to have such a large area
of muscle mass constitute a solitary segment. The justification behind this reasoning
was the premise that the resulting differences in lines of action (>10°) would be

* (Ashley, 1949; Horiguchi, 1981) have speculated this abdominal portion to be a remnant ofthe
subcutaneous muscle; the panniculus carnosus (a rudimentary muscle in lower species of vertebrate).
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enough to potentially cause a differing action on the arm if these segments were
activated independently. This assumption being somewhat substantiated by research
showing that intramuscular line of action differences (>10°) cause differing
mechanical actions on the arm (Paton & Brown, 1994; Paton & Brown, 1995;
Wickham & Brown, 1998).

The anatomical arrangement ofthe insertion, although not nearly as broad as the
extensive origin, also showed evidence of distinctive attachments with a definitive
twisting of fibres near their insertion. This resulted in the superior segments (P1-P3)
inserting more proximally on the bicipital groove and the inferior segments (P4-P6)
more distally. This is in accordance with previous descriptions of this muscle
insertion and is a finding that is commonly noted in most anatomy texts (Moore,
1992; Snell, 2000). It has also been eloquently described in journals (Ashley, 1952)
as a means of strengthening the insertion, minimising differences in fibre lengths
across the muscle and hence aiding in the prevention of muscle fibre tearing near
this humeral attachment.

Neural Innervation
The results showed no evidence that segments ofthe pectoralis major received their
own exclusive individual primary nerve branch. As this was apparent for the
anatomically defined segments (PI, P2, P5 and P6) it could not be stated that the
anatomical segmentation present (intramuscular fascial thickenings or attachment
differences) came with a concomitant neural segmentation (an individual primary
nerve branch to each segment). What was apparent between the two pectoral nerves,
however, was an upper to lower segment innervation pattern. Specifically, the
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medial pectoral nerve innervated the lower segments (P4, P5 and P6) by piercing the
pectoralis minor, whilst the lateral pectoral nerve innervated the upper segments (PI,
P2, P3 and possibly P4) (Figure 3.17). By dissection the boundaries of each nerve's
innervation could not be accurately ascertained but P4 did have branches from both
nerves entering its muscle mass.

The dual innervation from the medial and lateral pectoral nerves is consistent with
previous anatomical observations (Moore, 1992; Shinohara, 1996). The occurrence
ofthe medial pectoral nerve piercing the pectoralis minor is a common occurrence
which has been noted to be present in 62 out of 100 cadaveric dissections (Hoffman
& Elliott, 1987). A further finding was that the lateral pectoral nerve was noticeably
larger in diameter than the medial pectoral nerve, which would seem to indicate
more axons in this branch in relation to the medial pectoral nerve. This is probably
due to a slightly larger area of muscle mass supplied by this nerve branch (see Table
3.5 for CSA's). A branch from the lateral pectoral nerve was also sent to the medial
pectoral nerve near its origin on the medial cord ofthe brachial plexus (Figure 3.17).
The importance of this branch, and the lateral pectoral nerve in general, has been
somewhat substantiated by plastic surgeons, where total deinnervation ofthe
pectoralis major occurs with injury to the lateral pectoral nerve in modified radical
mastectomy procedures (Hoffman & Elliott, 1987). Medial pectoral nerve injury
was only seen to deinnervate the lower portions ofthe pectoralis major.

Geometry
The resulting differences in lines of action among the segments of pectoralis major
resulted in differing amounts (percentages; Table 3.9) of rotational force that could
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be exerted on the humerus by each segment upon contraction. For example, the
middle segments ofthe pectoralis major (P3 and P4; Figure 3.8) had lines of action
enabling approximately 99% of their potential force to contribute to an adduction
rotational component with the arm positioned at 20° of abduction (when viewed in
the frontal plane (Table 3.9)). These segments also possessed relatively large
moment arms, along with P2, when compared to PI, P5 and P6 (Table 3.7). Given
this geometric arrangement the potential for these segments to contribute to an
adduction motion at this arm positioning is evident. It should also be noted, and was
considered a limitation to the musculoskeletal geometrical analysis, that each
segment's line of action, for all muscles, may not have been parallel/congruent to the
frontal, sagittal or transverse planes that were used for analysing each muscle's line
of action. The inaccuracies of this incongruence are noted when considering each
segment's degrees from a plane, moment arm, degrees of difference between
adjacent segments line of action and the above mentioned rotational force
calculations. The cardinal plane views were utilised for simplistic reasons with
small errors not diminishing the overall geometric picture.

Latissimus Dorsi
Anatomy
After dissection ofthe 10 cadaveric shoulder joints, only one segment, L6, could be
ascribed to this muscle based on purely anatomical correlates (attachment point
differences). The remaining muscle mass (segments L1-L5), was subdivided
according to differences in lines of action (a non-anatomical criteria). Hence,
although the latissimus dorsi was ascribed six segments only one of these could be
considered as an anatomically distinct muscular segment.
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Though the area of latissimus dorsi muscle mass that encompassed segments L1-L5
did have an extensive origin encompassing a wide range ofthe skeleton, there was
no clear demarcation where one segment attachment started and another finished
(Figure 3.10). Hence the anatomical boundaries had to be estimated. Furthermore,
the only evidence of fascial thickenings was between L5 and L6 segments, hence,
similar to the pectoralis major, and for the same reasons discussed, this area of
muscle mass was subdivided according to the differences in their lines of action.

With regard to the insertion ofthe latissimus dorsi a similar (in comparison to the
pectoralis major) twisting of fibres was evident near their humeral attachment where
the lower segments (L4-L6) inserted more superiorly and the upper segments (LlL3) more superiorly onto the medial lip ofthe bicipital groove. As discussed with
the pectoralis major, this too was considered to be a strengthening mechanism to
reduce injury from muscle fibre tearing near this area of humeral insertion (Ashley,
1952).

Neural Innervation
With regard to the nerve branch patterning within the latissimus dorsi muscle mass,
two primary nerve branches were particularly evident, with a possible third
sprouting from the lateral branch (Figure 3.18). These branches seemingly
innervated three different areas within the latissimus dorsi, and as with the pectoralis
major and deltoid, being based on the disappearance ofthe smaller branches off the
primary nerve branches into the main muscle mass. The superior primary nerve
branch diverged into segments LI and L2, the inferior primary nerve branch entered
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segments L4, L 5 and L 6 with the possible third branch entering segment L 3 (Figure
3.18). This finding is in accordance with previous literature on the human latissimus
dorsi (Snobl, Binaghi, & Zenker, 1998; Tobin, Schusterman, Peterson, Nichols, &
Bland, 1981) and also for the pig latissimus dorsi (Herring, Sola, Huang, Zhang, &
Hayashida, 1993) and opens the possibility that there may be three, or possibly
more, relatively independent muscle segments. Of interest also, at least for the
latissimus dorsi, is that three has been shown to be the modal number of primary
branches ofthe thoracodorsal artery (Radermecker, Triffaux, & Fissette, 1990).
Considering that arterial and nervous pathways are known to follow each other in
their course, the finding of similar nervous and arterial branches may have
functional significance.

Apparent within the latissimus dorsi, and also within the pectoralis major, was that
the divergent nerve branching into the main muscle bulk was relatively staggered
with branches disappearing into the main muscle mass at varying distances along the
length of origin to insertion. This was particular evident within the latissimus dorsi
and would seem to indicate an uneven distribution of endplate bands; a hypothesis
which has been confirmed on studies ofthe human latissimus dorsi and attributed to
the differences in growth gradients occurring in various portions ofthe muscle.
(Snobl et al., 1998). This pattern was not evident in the deltoid, however, with the
nerve branches that diverged into the deep surface of this muscle extending over a
relatively small area lengthwise, approximately mid-length from origin to insertion.
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Geometry
The differences in lines of action between segments were not as dramatic as that

seen with the pectoralis major (Table 3.3). For instance, the 55° difference in line
of action between LI and L6 (Table 3.3) was less than the larger 94° difference
between PI and P6 lines of action even though the latissimus dorsi origin spanned a
much larger area than the pectoralis major origin in length. From a geometrical

viewpoint this smaller degree of difference between adjacent segment lines of action
was undoubtedly attributable to the longer length ofthe latissimus dorsi fibres. It
should be stated that although a smaller difference in lines of action was apparent
between the two muscles, similar distances between subsequently placed electrodes
would still be apparent.

Deltoid
Anatomy
The dissection revealed seven anatomical segments within the deltoid muscle mass
based solely upon anatomical correlates such as differing points of attachment at
both origin and insertion and differences in architecture (pennate vs strap fibred
segments) between segments. This is in direct contrast to the more homogenous
muscle masses ofthe pectoralis major and latissimus dorsi where portions of these
muscles had to be subdivided according to the non-anatomical criterion of line of
action differences. With segments being able to be defined according to anatomical
criteria it was not necessary to subdivide this muscle according to line of action
differences as was done for some segments ofthe pectoralis major and latissimus
dorsi.
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Evidence of discrete muscular segmentation was most apparent at the muscles'
insertion. It was suggested that the D3 segment was the only segment to actually
insert on what is commonly described as the deltoid tuberosity (Wickham & Brown,
1998). Anatomical texts state the deltoid tuberosity as a rough prominence on the
middle ofthe outer side ofthe humeral shaft (Moore, 1992; Snell, 2000). It is also
thought, mistakenly, that this relatively small anatomical feature is the attachment
site ofthe entire deltoid muscle mass. However, it is clear from the results of this
study that the deltoid tuberosity is the insertion for segment D3 only. To ascribe a
functional significance to this, D3 exhibited the largest abductor moment arm (Table
3.7), largest cross sectional area of all segments (Table 3.5) and a favourable
(comparably) component of its force contributed to rotation in a coronal plane
(Table 3.9). Therefore, D3 would be the most likely segment to exert enough
tension on the periosteum to produce the osseous structural changes that have lead to
the formation ofthe deltoid tuberosity; admittedly though, it is also because this is
the only segment attached there. These aforementioned anatomical findings for the
deltoid are also consistent with previous work (Wickham & Brown, 1998).

As stated, in comparison to the pectoralis major and latissimus dorsi, the deltoid did
display differences in architecture amongst its muscle mass with pennate and straplike fibres evident between adjacent segments. This was most evident with segment
D3 (multipennate); the classically described middle portion ofthe deltoid. It could
also be stated, however, that the bipennate like insertion of Dl and D2 also
constituted evidence of architectural differences within the deltoid muscle mass.
These segments distal fibres converged on either side of a flat tendon, which formed
this bipennate insertion onto the humerus more medially, and superiorly than D3.
ill
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Neural

Innervation

The results showed no evidence that segments ofthe deltoid received their own
exclusive individual primary nerve branch. The four readily apparent primary nerve
branches ofthe axillary nerve did, however, show visible differences in thickness
with the two most anterior branches, which diverged into the muscle bulk of Dl, D2,
D3 and D4, being the largest (Figure 3.19). This finding is thought to be possibly
indicative ofthe increased usage ofthe arm in front ofthe body in reaching and
everyday tasks and hence a greater usage ofthe anterior and middle segments ofthe
deltoid in relation to the more posterior segments (D5, D6 and D7). It is obviously
also indicative ofthe larger cross-sectional areas for these segments (Table 3.5).

Geometry
With regard to the segmental geometry ofthe deltoid, segmental lines of action

crossed both anteriorly/posteriorly and superiorly/inferiorly to the shoulder joint axis
of rotation when viewed in the sagittal and frontal planes respectively. For example,
Dl, D2 and D3, with lines of action anterior to the axis of rotation, should flex the
shoulder joint with the remainder ofthe deltoid mass acting to extend the humerus.
In the frontal plane Dl to D6, with lines of action above the axis of rotation, should
act to abduct the arm whilst D7 with a line of action below the axis of rotation
should act as an adductor at 20° of abduction (Table 3.7). With an increasing
abduction angle (50°) ofthe shoulder, segments D1-D6 increase their abductor
moment arms whilst D7 still assumed an adductor moment arm, however, now less
than 10 mm. To extrapolate, this trend would probably place all segments as
abductors at 90° of elevation and would suggest a potentially greater contribution
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from all deltoid segments to abduction torque with increasing levels of abduction
angle.

With the deltoid generally seen as the main abductor ofthe shoulder joint it is
somewhat surprising to find in the results a relatively low contribution of deltoid
force to rotation in shoulder joint abduction movements (Table 3.9). For example, it
was expected that segment D3 would have had a larger percentage (only 17.5%) of
its total force contributing to rotation in a coronal plane if it was to be considered a
major abductor. This would seem to highlight the importance ofthe rotator cuff in
compressing the head against the glenoid and hence preventing the head ofthe
humerus being driven into the acromion by the supposed vertically oriented force of
the middle deltoid fibres (Inman, Dec, Saunders, & Abbott, 1944) in the early stages
of abduction. A recently proposed model on the mechanics ofthe middle deltoid
during abduction (Gagey & Hue, 2000) has placed emphasis on these fibres as
abductors but not as to function in the traditionally described abduction 'force
couple'* (Inman et al., 1944) where the middle fibres assume a supposed vertical
force vector. This recent model (Gagey & Hue, 2000) describes these fibres as
applying a downward/medially oriented resultant force vector thus somewhat aiding
the rotator cuff in keeping the head ofthe humerus within the glenoid. To explain,
the fibres ofthe middle deltoid contour around the convex head ofthe humerus thus
creating a cable (middle deltoid fibres) and pulley (humeral head) arrangement with
forces acting on the humeral head from both the insertion on the deltoid tuberosity

' The author acknowledges the inaccuracy of this precise engineering term when used in reference to
muscle mechanics. T w o equal and opposite muscle forces acting about a joint axis in the same plane
to produce pure rotation does not take place at synovial joints.
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inferiorly and origin on the acromion superiorly. The resultant vector of these forces
is hence directed infero-medially towards the inferior glenoid. This would help
explain why in clinical practice shoulders with large cuff tears, but with good
function still remaining, are frequently encountered. Interestingly, some authors
(Scheving & Pauly, 1959) have suggested the inclusion ofthe deltoid as a rotator
cuff muscle; an inclusion that seems warranted considering the findings of this
current mechanical model of middle deltoid function (Gagey & Hue, 2000). It
should be noted that this model only applies to the middle deltoid when the arm is at
rest with the cable and pulley effect diminishing with increasing arm elevation
making the effect unclear on the 20 and 50° arm elevations used in this experiment.

Further Geometrical Considerations
In considering the musculoskeletal geometrical analysis further, the potential
reliance ofthe moment arm data on axis of rotation placement and the over
simplistic location of a fixed (middle ofthe humeral head) joint centre is noted.
However, the complexities and possible confusion of using multiple instantaneous
centres of rotation for the differing abduction angles seemed unjustified. For
example, previous research has identified in non-pathological shoulder joints (N =
12) instantaneous centres of rotation within a locus of points situated 6.0 mm ± 2.0
mm from the geometric centre ofthe humeral head (Poppen & Walker, 1976).

In regard to the validity of using a vertical milling machine to locate X, Y and Z
anatomical coordinates, the idea seemed archaic and definitely novel initially but did
prove to be extremely accurate (± .01 mm). Accuracy was more likely to be
compromised in the pseudo origin placements using the string line method (see
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methods) and actual location ofthe screw centres with the stylus pointer end (Figure
3.5). Overall, the authors estimate the total accuracy ofthe biomechanical analysis
to be ± 2.0 mm of stated results. It should be noted that a more sophisticated method
of gathering Three-Dimensional anatomical coordinates around the shoulder,
utilising a Three-Dimensional palpator device, actually used a centre point mounted
in the bell chuck of a vertical milling machine to calibrate its Cartesian coordinate
system (Pronk & VanDerHelm, 1991; Van der Helm, 1994; Van der Helm, Veeger,
Pronk, VanDerWoude, & Rozendal, 1992; Van der Helm & Veenbaas, 1991).

Summary
In conclusion the deltoid was found to consist of seven segments while the pectoralis
major and the latissimus dorsi were both ascribed six segments with segment
classification being predominantly decided by differences in adjacent segment lines
of action and distinctly differing origins and/or insertions. Ofthe three muscles, the
deltoid provided the more robust anatomical segmentation with all of its segments
being able to be categorised by the anatomical criteria of attachment and
architectural differences. The overall anatomy ofthe pectoralis major and the
latissimus dorsi did appear as rather homogenous sheets of muscle mass but it
should be noted that this does not mean that these muscles can not be functionally
segmented as may subsequently be shown in the following experiment.

In regard to the neural innervation ofthe three muscles, primary nerve branching
was evident within each muscle but no apparent relationship existed between the
designated anatomical segments and the primary nerve branches. This was not
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surprising as the variables predominantly used for segment classification (lines of
action and attachment points) are unlikely to determine nervous pathways
throughout a muscle.

Finally, differences were also evident in the geometry of each segment in regard to
the moment arm and orientations of each segments line of action. These differences
are likely to result in differing mechanical actions on the arm depending on the
segments level of independent control.
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CHAPTER FOUR
Experiment Two: The Activation Patterns of
Intramuscular Segments during Static Shoulder
Joint Tasks

Introduction
The previous chapter has shown that individual skeletal muscles show evidence of
anatomical segmentation. The purpose ofthe present chapter is to determine the
functional role ofthe identified segments during the production of static contractions
around the shoulder joint. The results of this static experiment will be used to
determine basic muscle segment recmitment patterns during relatively simple static
tasks before more complex dynamic tasks are investigated (Chapter 5). Specifically,
this experiment will use an electromyographic technique to investigate:

a) How segments within individual muscles are activated, and,
b) H o w segments in several shoulder joint muscles are coordinated together
to produce the desired joint action.

Previous research has shown functional differentiation to be present within segments
of single skeletal muscles (Beam, 1961; Brown, Solomon, & Paton, 1993; Paton &
Brown, 1994; Ringelberg, 1982; Shevlin, Lehmann, & Lucci, 1969; W i c k h a m &
Brown, 1998). This occurs w h e n segment/s of a muscle exhibit an earlier onset,
higher intensity of activation or some other measured difference in comparison to the
remaining muscle segments during a particular movement (Brown et al., 1993; Paton
& Brown, 1994; W i c k h a m & Brown, 1998). This criteria will also be adopted in
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this experiment on the basis that if a muscle is to be considered homogenous in
function then all of its constituent parts (segments) should turn on at the same time,
have the same intensity and duration of contraction and similarities in any other
temporal or intensity parameter measured. Hence differences in temporal and
intensity variables between adjacent segments would label that segment/s as an
independent segment and hence functionally a "muscle within a muscle".
Interestingly, in two recent studies ( M c A n d r e w & Brown, in press; W i c k h a m &
Brown, 1998) in which functional differentiation has been evident, a degree of
coordination in the activation patterns of each muscles' constituent segments has
also become somewhat apparent. This has been particularly evident in segmental
onset times with a sequential activation of anatomically adjacent segments both
within the one muscle (Wickham & Brown, 1998) and between different muscle
segments (McAndrew, 1994). This preliminary evidence hence suggests that
functional differentiation m a y also be accompanied with a degree of inter and
intramuscular segment coordination (see glossary). Whether this is a consistent
occurrence, or otherwise, will be investigated in this experiment.

In addition to the functional differentiation displayed by segments during a particular
movement, functional differentiation has also been displayed by manipulating a
number of other movement variables including:

a) Direction.
b) Contraction intensity, and,
c) Muscle length.
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For example, by changing the direction from shoulder joint flexion to abduction, the
activity from the middle segments ofthe deltoid changed from displaying no activity
to high levels of myoelectric activity respectively (Scheving & Pauly, 1959).
Furthermore, in another experiment, this time concerned with the temporal
parameters ofthe deltoid muscle, it was found that the same posterior segment was
activated significantly (p<0.05) earlier in adduction when compared to an abduction
movement (Wickham & Brown, 1998). This posterior segment was said to be acting
as a synergist segment in adduction (aiding latissimus dorsi and pectoralis major),
whilst its significantly (p<0.05) later onset in abduction was stated to be indicative
of an antagonist segment. These results indicate that the intensity and the initial
activation of a muscle segment, when compared to others within the muscle,
depends upon the movement undertaken. Additionally, these results also indicate
that the labelling of individual muscle segments (not individual muscles) as
synergists, antagonists and prime movers, is sometimes more appropriate.

The intensity of contraction has also been shown to alter segment activation patterns.
For example, by changing contraction intensity during a static shoulder adduction
task from 20% MVC to 70% MVC, the activity recorded from the middle segments
of pectoralis major changed significantly (p<0.05) from displaying no activity to
high levels of myoelectric activity respectively (Paton & Brown, 1994). This result
suggests that a segment may not be recruited initially upon the start of a contraction
but rather at some predetermined level of force production.

119

Muscles within Muscles

Finally, changing the muscle length at which contraction takes place has also been
shown to alter a particular segments activation pattern within the latissimus dorsi
muscle mass. For example, the performance of static shoulder joint extension tasks
at 0°, 30°, 60° and 90° of shoulder joint flexion resulted in significant (p<0.05)
differences in the amplitude of a particular segment (6 off). High, moderate or low
levels of myoelectric activity were apparent for a particular segment when
comparing between the different start positions of flexion (Paton & Brown, 1995).

Although the aforementioned studies have indicated the presence of functional
differentiation during static contractions, the principles governing intramuscular
segment functioning are far from being completely understood; a more
comprehensive analysis is needed. In this thesis, with the presence of an
anatomical/biomechanical investigation (Chapter 3) prior to any functional study the
potential for any functional differentiation can be ascertained with moment arm, line
of action and cross sectional area data available for each segment to be functionally
investigated. This will help in the understanding ofthe resulting activation patterns
of each segment. Furthermore, the use of a larger number of miniature surface
electrodes on multiple muscles will broaden the scope and applicability ofthe work,
as will the use of many different movement directions. The small interelectrode
distance of these electrodes (6 mm) will allow the recording of a discrete area of
muscle mass as it has been shown that the pick-up area of an electrode is only double
the size ofthe interelectrode distance (Basmajian and DeLuca, 1985). Furthermore,
similar electrode designs for detecting small areas of muscle mass have been used in
previous experiments from the same laboratory with no evidence of crosstalk
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apparent w h e n utilising coefficients of correlation between E M G waveforms (Paton
and Brown, 1995). Finally, with an analysis involving both intensity and temporal
parameters to quantify muscle activity and not solely an intensity measure which
most previous studies employed (Beam, 1961; Paton & Brown, 1994; Paton &
Brown, 1995; Ringelberg, 1982; Scheving & Pauly, 1959; Shevlin et al., 1969), a
truer indication ofthe amount of functional differentiation present will be elucidated.

This study will hence overcome any shortcomings of previous experiments and will
therefore give a greater insight into the extent to which single muscles can be
subdivided into functional segments, with surface electromyography being used as
the index for segmental muscle function.

Therefore, the aims of this experiment are:

• To determine the activation patterns of individual muscle segments
during static shoulder joint tasks of differing directions, contraction
intensities and muscle length. Analysing the temporal and intensity
parameters of muscle segments will achieve this aim with changes in any
of these variables between segments indicating functional differentiation.
This aim will also encompass determining the level of independent
control within segments ofthe three muscles by determining if
differences in temporal or intensity parameters are apparent between
adjacent segments ofthe one muscle.
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•

T o determine h o w segments are coordinated within single muscles and

between groups of muscles to produce the desired joint action. This aim
will be fulfilled primarily by looking at graphs of onset times in all
movements to determine if groups of segments are working together as a
unit. Regression analyses on onset times will also be utilising to fulfil
this aim.

B y manipulating variables such as movement direction, force of contraction and
muscle length while producing a 400 ms time to peak static force impulse across the
shoulder joint it is envisaged these aims will be achieved.

Muscles within Muscles

Methods
Subjects
Twenty male volunteers, ranging between 18-30yrs (mean age 22 ± 3.1yrs) were
recruited from a university population for this experiment. All subjects were right
hand dominant and had no previous history of shoulder injuries or neurological
disorders. The subjects' chosen were lean and muscular with the highest recorded
bodyfat percentage (Durnin & Womersley, 1974) being 16 percent.

Protocol
Surface electrodes were applied to the appropriate positions (see previous
experiment) on the skin for each muscle segment and the subjects were seated in an
experimental chair with the arm positioned in an arm cast (Figure 4.1). Once in the
required position subjects performed various static shoulder joint tasks using a
computer generated force-time curve for guidance and feedback. All testing was
performed in the one session being approximately 4-5 hours in duration for each
subject. The specifics ofthe experimental protocol will now be outlined.

Each subject was given an information package (Appendix A) and an informed
consent form (Appendix B) prior to the commencement ofthe experiment. Bodyfat
percentage was then estimated using a four-site protocol (Durnin & Womersley,
1974) with additional skinfold thicknesses taken over the muscles of interest
(Appendix C). The electrode sites were then marked, shaved (BIC disposable),
abraded (240 grade sandpaper) and cleansed with an alcohol swab (saturated with
70% Isopropyl Alcohol). The electrode sites were determined by utilising the
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Figure 4.1. The experimental set-up of the second experiment. Depicted is one of the
subjects seated in the experimental chair with the arm cast set at 20 degrees of abduction.
In this position subjects performed the static tasks of abduction, adduction, flexion and
extension. T h e arm cast was also positioned at 50 degrees of abduction whereupon further
sets of abduction trials were performed.
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segmental anatomical landmarks determined from the dissection (Figure 3.2). A
water-soluble conductive cream was then applied to each electrode prior to its
attachment to the skin (by double-sided tape) at each electrode location site (Figure
4.2). The subject was then seated and secured in the experimental chair and the
electrodes were connected through preamplifier leads to EMG amplifiers. The upper
limb was then positioned in the arm cast with the middle ofthe cast at the level of
the elbow joint. This prevented any unwanted elbow flexion (Figure 4.1). The
appropriate arm position for each static contraction" was obtained by the use of a
customised arthrodial protractor and spirit level (as outlined in the first experiment).
Once the subject was seated in the experimental chair a variety of static shoulder
joint tasks were performed in order to test the functioning of each electrode pair
before the experiment began. Subjects were then instructed to match, through static
contraction of their shoulder joint musculature, a force-time curve on an oscilloscope
that standardised movement time across all subjects. The force-time curve gave a
visual display of time, force level and contraction direction. EMG recordings
commenced at least 200 ms before the subject activated their muscles. A total
recording time of 2000 ms ensured that the commencement and completion of
muscle activation was recorded. Inter-trial intervals of 30 seconds were used with
the order of static tasks (flexion, extension, abduction and adduction) randomly
assigned to eliminate possible muscular fatigue and any order effects. Prior to each
static task each subject performed three maximum voluntary contractions (MVC's)
ofthe subsequent movement to be performed, with an intertrial interval of three
minutes between each ofthe MVC's.

' The use ofthe term contraction in this thesis will be for all static and dynamic muscle actions.
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Anterior V i e w

Lateral V i e w

Posterior V i e w

Figure 4.2. A n anterior, lateral and posterior view of a subject outlining the position of the
miniature surface electrodes over each segment. Each electrode was secured (taped) before
sitting in the experimental chair. Three reference electrodes were used and positioned on
the left clavicle, right acromion and right anterior superior iliac spine. See Table 3.1 and
Figure 3.2 for electrode positioning calculations.
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The six static tasks that were utilised in order to investigate muscle length, intensity
and direction influences on segment functioning included static shoulder joint:

• Abduction (75% MVC) at 20 degrees of abduction.
• Abduction (75% MVC) at 50 degrees of abduction.
• Adduction (75% MVC) at 20 degrees of abduction.
• Flexion (75% MVC) at 20 degrees of abduction.
• Flexion (25% MVC) at 20 degrees of abduction
• Extension (75% MVC) at 20 degrees of abduction.

Two different starting angles of abduction were utilised to test the effects of a
change in the length ofthe muscle whilst two different levels of % MVC were
utilised in the flexion tasks to determine the effect of contraction intensity on
segment activation patterns. Furthermore, the use of four different movement
directions was thought enough to test the effects of a change in movement direction
on segment function.

The static tasks were performed using a computer generated force-time curve on an
oscilloscope (Figure 4.3) for guidance and feedback, which enabled a gradual

Muscles within Muscles

Digital Storage Oscilloscope
Error Load Cell Trace

intensity

focus

trigger level

VOLTS/DIV

Prime Load
!< 400 ms >;

CH1X

CH2Y

Figure 4.3. A diagram representing the oscilloscope that was used in the second experiment
to simulate a force-time curve for each static task. See Figure 4.4 for error and prime load
cell explanations.
rise, peak and decline of force (saw-tooth like static impulse) with a duration of
approximately 400 ms to peak force. For example, Figure 4.3 represents a
successful trial performed at 75% MVC, a time to peak of 400 ms, and with no
movement ofthe error load cell trace that measured unwanted movement. Slight
movement ofthe error load cell trace (± % of a graduation on the oscilloscope which
corresponded to approximately ± 4-5 degrees) from the desired frontal or sagittal
plane was still taken as an acceptable trial with trials displaying greater deviations
being discarded from further analyses. The error load cell (Figure 4.4) was thus
attached to the arm cast at 90° to the main load cell (prime; which measured the
desired movement direction) and thus the use of two load cells ensured that any
movement in an undesired direction would be noticed and that trial disregarded. The
positioning ofthe two load cells onto the arm cast can be seen in Figure 4.4 with
these load cell positions reversed for the abduction/adduction static tasks. The prime
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Figure 4.4. A superior view of the arm cast and load cell set-up for the second experiment.
Illustrated is anatomical terminology (anterior, posterior, medial and lateral) in reference to
the subject seated in the experimental chair (see Figure 4.1). The load cells in this
photograph are positioned for the recording of the flexion/extension tasks with the prime
load cell measuring the forces in this plane (sagittal). The error load cell is positioned 90°
from this movement plane to monitor any unwanted movement direction forces; in this
instance abduction and adduction. The adjustable length metal pipes screwed on each load
cell were attached to two swivel bearings, which were then secured to the experimental
cage. The rope brace held the arm cast, and hence the arm, in the desired position.

load cell trace w a s set on trigger enabling a slight impulse to the load cell from the
experimenters to trigger the prime load cell trace across the screen at a speed of 500
ms per oscilloscope division. The abduction/adduction static tasks were performed
in the coronal plane whilst the flexion/extension static tasks were performed in the
sagittal plane. All static tasks were performed at 75% MVC with the exception of
flexion being performed at both 75 and 25% MVC. A total of 10 successful trials
for each static task were recorded. A successful trial fulfilled three criteria:
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•

A n intensity level (either 75 or25% M V C ) within ± 1 0 % M V C of the

desired MVC level.
• A saw-tooth like contraction within ± 100 ms to peak of the desired 400
m s to peak force.
• A trial performed within ± 5 degrees of the desired movement plane.

Equipment
Equipment used in this experiment consisted of custom-made surface electrodes,
differential amplifiers, a cathode ray oscilloscope, a custom-made arm cast and IBMcompatible computers.

Electromyographic Amplifiers and Load Cells
A 100 kg (2mV/V at 100 kg f) and a 20 kg (1.5mV/V at 20 kg f) load cell were used
to measure the abduction/adduction and flexion/extension forces produced by the
subject (Figure 4.4). The load cells were calibrated with reference weights to test for
a linear relationship between force and the corresponding output amplitude ofthe
load cell amplifier. An acceptable Pearson Product Moment correlation coefficient
of 0.86 was subsequently found between force (kg) and output amplitude
(millivolts).

A DC mode was used for this experiment enabling the DC offset to accurately reflect
the deflection of force that was applied to the load cell. Two 9-volt backpack power
supplies externally powered the load cell amplifiers. BNC cables connected the load
cell amplifiers to a storage oscilloscope (for viewing by the subject) and an IBM

130

Muscles within Muscles

compatible computer (for viewing by the experimenter) to provide a visual display
ofthe force record. Two HUMTEC 8 channel electromyographic amplifiers were
used for collecting EMG signals which both had an input impedance greater than 1
Mega-ohms. The EMG amplifiers had selectable gains ranging from x 240 to 1200.
The differential preamplifier leads had a 90-decibel common mode rejection ratio.

Arm Cast and Attachments
An aluminium arm cast was specifically manufactured for the purposes of load cell
attachment and hence the recording ofthe amount of force exerted by the subject on
the cast (Figure 4.4). The cast consisted of two 3 mm aluminium steel rolled halves
of approximately 300 mm in length, which were hinged together to create a tube
with an internal diameter of 115 mm. The internal diameter was padded with 20 mm
thick high density foam throughout the cast length with an extra layer applied to one
end ofthe cast (forearm end). Two fixtures for the attachment of each load cell were
welded to the middle ofthe cast positioned at 90° to each other (Figure 4.4). Roller
blade skate fasteners provided a ratchet-like release and restrain system to allow
quick adjustments of arm positioning (Figure 4.4).

Two lengths of mild steel pipe, two lengths of round bar and two swivel bearings
were used to secure the arm cast to the experimental cage (Figure 4.4). The two
swivel bearings consisted of a lA inch internal diameter into which the two Vi inch
diameter round bar lengths (approx 400 mm in length) fitted. The other end ofthe
round bar fitted into the internal diameter ofthe pipe with the distance adjustable by
a grub screw.
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Electrodes
Specifically designed and manufactured bipolar miniature surface electrodes were
utilised for this experiment (Figure 4.5). The electrodes consisted of two 1.6 mm
diameter active disks with an inter-electrode distance of 6 mm (Figure 4.5). The
active disks were made from 0.7 mm diameter 18 carat gold wire with the diameter
of this wire expanded at the tip by heating and subsequent filing for a flat electrode
surface. To the proximal end ofthe two gold wires (which were 15 mm in length)
were soldered two lengths (approx 150 mm long) of ultraflexible 2.5 mm diameter
silicon insulated stranded wire (256 strands). The preamplifier end of these silicon
wires were soldered to one mm computer points with the two silicon wires kept
together with heat shrink. The circular housing ofthe electrodes were templated
from a machined boss (Figure 4.5) with two-drilled 2.5 mm diameter holes spaced
six mm apart for the electrode wells. The large diameter of this boss (Figure 4.5)
was taped around and extended upwards with a mixed silicone mbber compound and
setting catalyst then poured inside the tape and over the machined boss surface.
From the set mbber mould produced, araldite (ink coloured; red, green and blue) was
then poured into the 15 mm internal diameter to create the electrode housing. Holes
were then punched through the back ofthe araldite housing for the gold wire
terminals to pass through. More araldite was applied to the back ofthe electrode
housing to stabilise the inter-electrode distance with a further template used for this
purpose.

132

Muscles within Muscles

Figure 4.5. The miniature bipolar surface electrodes that were utilised in this study (top
photograph) and some of the material that was used to manufacture them (bottom
photograph). T w o commercially m a d e meditrace electrodes are shown in the top
photograph adjacent to the miniature electrodes to give a comparison of the inter-electrode
distance (6 m m compared to 25 m m ) and active plate sizes (1.6 m m diameter compared to
10 m m diameter) for the two types of surface electrodes.
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E l e c t r o d e Sites
The major details for each electrode placement are illustrated in Figure 3.2. The
following description details the surface anatomy locations that are specific for this
experiment.

For the pectoralis major, electrodes were placed at 25% (from the sternal origin) of
the distance along a straight line connecting the centre ofthe segment origin and
insertion (Figure 3.3). A solder wire (1 mm diameter) was laid down on each
subject from the acromio-clavicular joint to follow the muscles' clavicular,
manubrial, sternal and costal origins to the lateral most fibres ofthe lower (P6)
segment. This length designated 100%, with each segmental origin measured in a
similar fashion and then expressed as a percentage of this figure (Table 3.1). The
approximate surface location ofthe pectoralis major insertion was considered to be
the anterior axillary crease.

A similar procedure was used for the deltoid. A solder wire was laid out on each
subject starting from the sterno-clavicular joint, following the muscles' clavicular,
acromial and spine of scapula origins, to terminate at the medial spine of scapula.
This length again designated 100% with segmental origins measured in a similar
fashion and then expressed as a percentage of this figure (Table 3.1). The insertion
of D3 was found by having the subject abduct his arm against resistance, which
highlighted the terminal tapering ofthe deltoid muscle mass on the deltoid
tuberosity. Segments Dl and D2 were designated as being 10 mm medial and 15
mm superior to this point whilst the D4 segment was located at 78% ofthe D3
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insertion on the same line. The posterior segments were located 10-15 m m posterior
to the D4 insertion point. Similarly, electrode sites were marked at 25% ofthe
distance from the centre ofthe segment origin to its corresponding insertion.

The latissimus dorsi insertion was designated as the posterior axillary crease on each
subject. Resisted adduction against the experimenter's hand and palpation located
the lower lateral-most fibres inserting on the iliac crest. A line was drawn between
these points with a point marked at 65% ofthe length of this line measured from the
axillary crease. A further point was marked at 85% ofthe distance of a line running
from the posterior axillary crease to T8. These points were connected with a line
and this line was divided into six equal spaces for L1-L5. At 50% ofthe length of
the line running from the posterior axillary crease to the iliac crest another point was
marked. Lateral to this location (15-20 mm) a further point was marked for the
latissimus dorsi muscle mass originating on the lower three ribs (L6) (see Figure
3.2).

EMG Analysis
An IBM Compatible computer was utilised to digitise load cell forces and EMG
signals at a sampling rate of 1000 Hz. This was done through a total of 16 channels
with appropriate amplification (x 2200) of each EMG signal. A total of 2000 ms of
EMG data for each trial in all static tasks were analysed. This time period was
chosen as it would allow the capture of each muscle burst with adequate silent
periods at the start and finish ofthe EMG bursts. The EMG waveforms were
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analysed for both intensity and temporal parameters with the parameters measured
for the temporal analysis (Figure 4.6) including:

• Segment onset (ms).
• Segment peak (ms).
• Segment off (ms).
• Force onset (ms).
• Force peak (ms).

These parameters were taken from raw EMG signals that were low pass filtered at 20
Hz to thus form a linear envelope waveform (Figure 4.6). The identification ofthe
segmental and load cell onsets was via a threshold detector set at 10% of peak force.
Visual inspection was also used when necessary. To determine the intensity of
muscle activation the duration of each muscle burst was integrated (average
discharge) using a time-reset method of 1 ms intervals. This enabled the integration
process to be independent of segmental burst duration and hence normalised. Once
integrated, the intensity of each segment was normalised to their respective MVC's.
This enabled a % MVC figure from each segment in each task. This procedure is
justified by research indicating a linear relationship between integrated EMG and
force of contraction for the middle deltoid and clavicular part ofthe pectoralis major
(Ringelberg, 1985).

136

Muscles within Muscles

Figure 4.6. The analysis screen window that was used to locate the temporal and
consequently the intensity parameters of the E M G signals. The top window shows a
representative raw E M G signal with its 20 H z linear envelope displayed in the middle
window. The middle window also displays the threshold detector set at 1 0 % of peak
segmental intensity (horizontal line) that was used to locate the on/off positions of the E M G
signals. Visual detection of the signal was used when there was a low signal to noise ratio
and the threshold detector could not determine an appropriate on/off location. The force
record from the 100 kg prime load cell is displayed in the bottom window. The duration of
each burst was integrated (time reset; 1 m s bins) to give a value of average volts/ms (Total
Volt-ms divided by duration). Representative data from one subject (segment D l ) during a
7 5 % M V C shoulder joint flexion task.
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Statistics
Temporal and intensity data were transferred to a spreadsheet package (Microsoft
Excel © ) where formulas were applied to the data for normalisation purposes and to
provide dependent variables for between segment and across task analyses. The
dependent variables and their accompanying formulas were as follows:

• Segment onset - the segment onset minus the force onset to provide a
figure in m s before (-) or after (+) the beginning ofthe force (Figure 4.6).
•

Segment off- the segment off minus the force peak to provide a figure in
m s before (-) or after (+) the peak ofthe force (Figure 4.6).

•

Segment duration - segment off minus the segment onset (Figure 4.6).

•

Contraction intensity - normalised and expressed as a percentage ofthe
M V C (flexion, extension, abduction and adduction) that obtained the
highest myoelectric activity for that segment.

•

Peak segmental intensity - the segment peak minus the force peak which
provided afigurein m s before (-) or after (+) the peak ofthe force
(Figure 4.6).

The means of these variables for each segment and accompanying static task were
then transferred to a statistical package (Sigma Stat) where T w o W a y Repeated
Measures A N O V A ' s were performed between selected static tasks. The two
independent variables for the A N O V A ' s were segment and type of static task with
the comparisons being:

• Flexion 75% MVC vs flexion 25% MVC (intensity).
•

Flexion 75 % M V C vs abduction 20° (direction).

•

Adduction vs extension ( 7 5 % M V C ) (direction).
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•

Extension vs abduction 20° ( 7 5 % M V C ) (direction).

•

Abduction (20°) vs abduction (50°) ( 7 5 % M V C ) (muscle length).

A Student-Newman-Keuls test was used for post-hoc comparisons of significant
(p<0.05) differences identified from the Repeated Measures A N O V A . W h e n
comparing significant (p<0.05) differences within segments ofthe one muscle,
comparisons were m a d e against the earliest activated segment for that muscle.
Paired T-Tests were used for the reliability measures with data derived from a
randomly chosen block of thirty trials to be analysed a second time for reliability
purposes ofthe temporal data. Additionally, Fast Fourier Transforms utilising the
Median Frequency value were performed on five subjectsfromfirstand last trials of
various static tasks to assess any signs of muscular fatigue.

Linear regression analyses were also done on various segmental onset times (Y) vs
anatomical segment location (X) to show further any trends that were apparent
within the E M G data. T o m a k e the regression analysis possible whole numbers were
used (1, 2, 3, instead of D l , D 2 , D 3 ) to represent each segment due to the relatively
equidistances that were apparent between segments (Table 3.2). W e realise that this
was not an optimal measuring system but with the use of whole numbers, the
approximate equidistances between segments and clear relationships between X and
Y values, the regression analyses seemed valid.
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H o w Muscle Segments were Functionally Classified
In this experiment segments were classified as either prime mover, synergist or
antagonist segments. A general definition of these classifications has been given in
the glossary at the start of this thesis. However, the following paragraphs give a
more detailed account of how segments will be split into these roles to aid in the
subsequent understanding ofthe results section.

In general the segments were assigned their roles according to the position of their
line of action relative to the axis of rotation and on the basis of statistically
significant (p<0.05) differences in various temporal and intensity parameters.

As stated in the glossary prime mover segments are characterised by early onsets,
early time to peak intensity, a long duration and high contraction intensities. To
distinguish between these segments and synergist segments, which are characterised
as having slightly later onsets and peak intensities, a shorter duration and slightly
lower contraction intensities, the synergist segments need to display at least one
significant (p<0.05) difference in these dependent variables to a prime mover
segment. For multiple prime mover segments to be apparent for a certain static task
there will need to be no significant differences displayed in any dependent variable
for these segments. Segments that display at least one significant (p<0.05) difference
to any ofthe designated prime mover segment/s in any of these variables (later
onsets, lower contraction intensities, etc) are to be labelled as synergists.
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Additionally, both prime mover and synergist segments needed to have a line of
action that was appropriate for the desired static task. For example, in a shoulder
abduction task for a segment to be labelled as a prime mover or a synergist its line of
action had to be superior to the glenohumeral axis of rotation. Similarly for a
shoulder flexion task the line of action needed to be anterior to the joint centre. As
both prime mover and synergist segments will have appropriate lines of action,
statistical comparisons will be solely used to delineate these segments.

In contrast, for a segment to be labelled an antagonist its line of action needed to be
on the opposing side ofthe joint centre. For example, for a shoulder abduction task
its line of action would be inferior to the glenohumeral axis of rotation. Similarly
for a shoulder flexion task its line of action would be posterior to the joint centre.
Hence biomechanical data was used solely to delineate an antagonist segment even if
no statistical differences were apparent between other synergist segments. It was
thought that although the EMG data may be the same in both temporal and intensity
measures it would be for entirely different reasons.

It should be noted that the significance of these functional roles would apply to
within the one static task and only to the segments ofthe three muscles that were
active during the particular movement.

141

Muscles within Muscles

Results
Overall summaries ofthe results for each ofthe six static shoulder joint tasks are
displayed below in Table 4.1.

Table 4.1. The functional roles of each active segment during the six static
shoulder joint tasks.
Static Task

Prime Movers

Adduction

L3, L2, L4, L6

Synergists
L1,L5,P1,P2,P3,

Antagonists
D6

P4, P5, P6, D7

Extension

L3

LI, L2,14, L5, L6,

D3,

D4, D5, D6, D7

P3

PI,

P2, P3, P4, P5, P6,

D4,

D1,D2

D3

LI

Flexion 2 5 % M V C

PI

D1,D2

Abduction 20°

D3,D4

D1,D2,D5,D6

D7

Abduction 50°

D3,D4

D1,D2,D5,D6

D7

Flexion 7 5 % M V C

From Table 4.1 a general indication ofthe activation patterns amongst segments for
all six different static tasks can be briefly summarised. For example, with no
pectoralis major segments delineated as prime movers in extension, and also
adduction, segments ofthe latissimus dorsi assume the major role in producing these
joint actions. Only segments ofthe deltoid are active in abduction tasks with the
change in abduction angle not influencing segment function. Segments ofthe
pectoralis major, particularly PI assume the major role in producing shoulder flexion
along with the anterior segments ofthe deltoid (Dl and D2). Finally, for all 75%

142

Muscles within Muscles

M V C tasks there are some segments that have been activated ( 1 0 % M V C ) even
though their lines of action are opposing the intended joint motion, and, as described
in the methods, these segments are labelled as antagonist segments.

Due to the broad range of static tasks, the amount of functional differentiation
apparent in each, and for simplicity reasons, this first section ofthe results will only
focus on the one static task, shoulder joint extension. This static task will initially
demonstrate functional differentiation within each ofthe individual muscles studied
and was chosen for analysis since functional differentiation was most clearly evident
in this static task. Although functional differentiation within individual muscles was
also widely apparent in the remaining five static tasks the analysis of only extension
will minimise possible confusion and will be more than adequate to illustrate
functional differentiation within individual muscles. The effects of a change in
movement direction, contraction intensity, muscle length and, lastly, evidence of
intra and intermuscular segment coordination will be covered in subsequent sections.

Section A: Evidence of Functional Differentiation during the
Static Shoulder Joint Extension Task
A clear indication ofthe results for the static shoulder joint extension task are
displayed in Figures 4.7 and 4.8 which illustrate the segment onset times and
contraction intensities respectively. From these two illustrations it is apparent that
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Onset
L6 -,
L5 L4
L3
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|
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£
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D4
D3 P3

I

-25

0

25

50
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Time (ms)

Figure 4.7. Onset times of active segments during the static shoulder joint extension task
with the arm positioned at 20° of shoulder joint abduction in thefrontalplane. The dashed
line represents the onset ofthe force record with segmental onset times to the left (negative)
of this line being activated before the onset ofthe force (load cell). Segments have been
graphed according to anatomy starting anteriorlyfromthe pectoralis major segment (P3), to
ascend superiorly over the shoulder to then descend to the most inferior latissimus dorsi
segment (L6). Note that only segments that were active (<10% M V C ) are depicted with
non-active segments not shown due to practical reasons. Standard error bars are shown.
Grand mean datafrom20 subjects.
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Extension % MVC

Figure 4.8. A graphic representation of contraction intensity during the 7 5 % M V C static
extension tasks performed at 20° of abduction angle in thefrontalplane. M V C values were
absolute; being taken from the m o d e of contraction (abduction, adduction, flexion or
extension) that elicited the highest myoelectric intensity for that segment at 20° of
abduction angle. For quantitative % M V C values see Table 4.2. Note that non-active
segments are shown (white, < 1 0 % M V C ) for completeness and that differences in shading
do not represent statistical differences. Grand m e a n data from 20 subjects.

Muscles within Muscles

segments ofthe latissimus dorsi assume the major role in producing an extension
moment having the earliest onsets (Figure 4.7) and the highest contraction intensities
(Figure 4.8). Evident in Figure 4.7 is the wave of activation commencing at L3 and
spreading both superiorly to the posterior and then middle deltoid segments and
inferiorly to the lower segments ofthe latissimus dorsi. This result also suggests a
degree of coordination between segments. Furthermore when viewing both the onset
and contraction intensity simultaneously it is evident that a trend is apparent where
the contraction intensity decreases in segments activated after the prime mover.

A more comprehensive analysis of each individual muscles' activity in shoulder
joint extension will now follow.

Pectoralis Major
Overall the pectoralis major showed little activity during the static extension task
with only segment P3 being activated above 10% MVC (Figures 4.7 and 4.8).
Furthermore, as segment P3 had a line of action anterior to the joint centre, yet was
activated in this static extension task, P3 was designated an antagonist segment
(Table 4.1). Specific activation patterns for this segment are outlined in Table 4.2.

Latissimus Dorsi
All segments ofthe latissimus dorsi were activated during the extension task (Figure
4.7 and 4.8). Segment L3 was termed the only prime mover segment for the
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Onset (ms)

Peak (ms)

Off(ms)

Duration (ms)

-34

-83
CV71

168

629

10.8

-45

-62*

199

670
HIM

58.2
n\ QI

P3
LI
L2
L3
L4
L5
L6

-39

-80*

166

633

67.0

(27)

(44)

(47)

(127)

(19.0)

-49

-126

165

664

71.3

(31)

(71)

(55)

(155)

(30.7)

-28

-78*

162

624

59.4

(25)

(61)

(58)

(74)

(13.4)

-7#

-61 •

161

608

41.9*

(45)

(31)

(55.9)

(96)

(20.1)

3*

-92

160

612

43.3*

(39)

(56)

(51)

(73)

(14.9)

-45

199

574

33.4*

43*
D3
D4
D5
D6
D7

%MVC

CO 01

("S71

-5

-53

231*

622

49.7*

(29)

(49)

(71)

(126)

(17.4)

-25

-60

219*

641

62.6*
(13.8)

(27)

(36)

(62)

(99)

-14

-79

179

595

81.4

(30)

(48)

(68)

(87)

(24.7)

-37

-62

149

637

83,5

(114)

(100)

(29.6)

(30)

(39)

Table 4.2. Static shoulder joint extension data for temporal and intensity parameters. Only
segments that were active (>10% M V C ) are depicted. For the latissimus dorsi a (•) is used
to indicate significant (p<0.05) differences between that segment and L3 whilst a (*) is used
for the deltoid to indicate significant (p<0.05) differences between that segment and D7.
With only one segment ofthe pectoralis major active no symbol was required for this
muscle. Standard deviations are shown in brackets. Grand mean data from 20 subjects.

extension task as this segment displayed a significantly (p<0.05) earlier peak
intensity, at -126 ms before the peak force, compared to all other active segments
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the three muscles (Table 4.2). Furthermore, segment L3 was the earliest segment
activated (-49 ms) and displayed the highest contraction intensity (71% MVC) with
significant (p < 0.05) differences in these two variables when compared to L5 and L6
(Table 4.2). The remaining segments, all of which had an extension function (Table
3.7), were labelled synergists as shown by their temporal and intensity data (Table
4.2).

Deltoid
During the static extension task only segments D3-D7 were activated (>10% MVC)
(Figure 4.7 and Table 4.2). Comparisons were made against D7 as this segment was
the earliest activated segment (see Table 4.2 for significant (p<0.05) differences)

within the deltoid muscle mass and displayed the highest contraction intensity of all

segments for the static extension task (Table 4.2, Figures 4.7 and 4.8). A significan
(p<0.05) difference of over 90 ms was apparent between the onset times of D3 and
D7 with D3 (43 ms) being activated significantly (p<0.05) later than D7 (-37 ms). A
significant (p<0.05) difference of over 50% MVC in contraction intensity was also
apparent between these two segments (Table 4.2). Segments D4 and D5 also
displayed a significantly (p<0.05) lower contraction intensity than D7 (Table 4.2)
indicating further evidence of functional differentiation within the deltoid muscle
mass.

To summarise the static extension task for all three muscles, since the middle
segment ofthe pectoralis major was activated whilst the remaining segments

exhibited baseline EMG readings indicates that functional differentiation was readily
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apparent for the pectoralis major during extension. For the latissimus dorsi,
functional differentiation was evident as one segment (L3) could be distinguished as
the prime mover segment for the static extension task. Furthermore, a wave of
activation spread from this segment both superiorly and inferiorly indicating a
degree of intramuscular segment coordination between segments ofthe latissimus
dorsi. Further movement direction comparisons (including abduction vs flexion and
abduction vs extension) were used for the deltoid. For the deltoid, although
significant (p<0.05) differences were apparent amongst segments D3-D7 for the
extension task these active deltoid segments were all grouped as synergist segments
for the extension movement having all significantly (p<0.05) later onset's than the
prime mover segment L3.

Section B: Evidence of Functional Differentiation by Changing
Task Direction
To determine if functional differentiation was apparent with a change in task
direction the adduction and extension tasks were utilised for comparisons. In

general the results showed that the temporal and intensity characteristics of segment
were significantly (p<0.05) influenced by the direction ofthe task being performed
(Figures 4.9 and 4.10).

Pectoralis Major
Functional differentiation was readily apparent within individual segments ofthe
pectoralis major when task direction was altered from adduction to extension.
Specifically, all ofthe pectoralis major segments were activated (>10 % MVC)
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Figure 4.9. A comparison of onset times for active segments during the static shoulder joint
adduction and extension tasks with the arm positioned at 20° of shoulder joint abduction in
the frontal plane. T h e dashed line represents the onset of the force record with segmental
onset times to the left (negative) of this line being activated before the onset of the force
(load cell). Segments are aligned anatomically starting from the inferior pectoralis major
segments travelling superiorly over the shoulder to then descend to the inferior latissimus
dorsi segments. Note that only segments that were active ( < 1 0 % M V C ) are depicted with
non-active segments not shown due to practical reasons. Standard error bars are shown.
Grand m e a n data from 2 0 subjects.
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Adduction %MVC

Extension % M V C

Figure 4.10. A graphic representation ofthe effect of a change in task direction (adduction
vs extension) on the contraction intensities of segments. M V C values were absolute and
were taken from the m o d e of contraction (abduction, adduction, flexion and extension) that
elicited the highest myoelectric intensity for that segment at 20° of abduction angle. Note
that differences in shading do not represent statistical differences. Grand m e a n data from
20 subjects.
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Onset (ms)
Ext

Add

PI

*

Peak (ms)
Ext

Add
*

26«

*

21 •

-34 ?t 11«
(19)
(36)

P4

*

-15
(23)

P5

£ -25

P6

(26)
* .24

„
— —

(37)

*

*

-56

*

(34)
-83
(57)

-53
(31)
*

168
(51)

.58
-72
(51)

— —

Add

160
(64)
*

174

*

(56)
174

* 171
—

, (58)

Ext

- — * 51 !•
629
(51)

.

(100)

9t 33.8«
(17.9)

?t 540
(107)

10.8 * 40.7
(29.4)
(18.2)

*

579

*

(112)
588

*

(153)
— —
—

Add
* 33.1*

* 498*

(64)

* -61
(40)

Ext

(61)

(51)
*

139
rwi
147

% MVC

Duration (ms)

Add

:—_.

(48)

P3

Ext

-50

<"14\

P2

Off (ms)

*

587
(119)

— —
—

55.7
(18.7)

7t 65.5
(19.5)
# 62.3
(15.1)

Table 4.3. Temporal and intensity parameters ofthe pectoralis major during static shoulder
joint extension (Ext) and adduction (Add) tasks. Significant (p<0.05) differences for a
particular segment between tasks have been denoted with a (*) with the dashed lines
indicating no activity for that segment. Significant (p<0.05) differences within the one task
are also included, as was done for extension in Section A, with a (•) used to indicate
significant (p<0.05) differences between that segment and P5. Standard deviations are
shown in brackets. Grand mean data from 20 subjects.

during the adduction task whilst only segment P3 was activated during the extension
task (Table 4.3 and Figures 4.9 and 4.10).

Table 4.3 shows that segment P3 w a s activated significantly (p<0.05) earlier and had
a significantly (p<0.05) longer duration period during extension in comparison to the
adduction task. Interestingly, the contraction intensity was significantly (p<0.05)
lower during extension when compared to adduction, varying by approx 30% MVC
(Table 4.3).

Latissirnus

Dorsi

In comparison to the pectoralis major, all segments ofthe latissimus dorsi were
active during the two static tasks with very few significant (p<0.05) changes in each
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segments activation patterns between the adduction and extension tasks (Table 4.4
and Figures 4.9 and 4.10).

Onset (ms)
Ext

Ll

Add

Peak (ms)
Ext

Add

Off(ms)
Ext

Add

% MVC

Duration (ms)
Ext

Add

Ext

Add

-45
(28)

-43
(23)

-62
(46)

-87*
(53)

199
(58)

172
(49)

670
(135)

612
(109)

58.2

55.2

(21.9)

(33.6)

L2

-39
(27)

-53
(32)

-80*
(44)

-100
(52)

166
(47)

155
(42)

633
(127)

601
(99)

67.0
(19.0)

56.2
(21.6)

L3

-49
(31)

-66
(30)

-126
(71)

-132
(56)

165
(55)

142
(47)

664
(155)

600
(112)

71.3
(30.7)

79.1
(39.4)

L4

-28
(25)

-58
(25)

-78* * -128
(61)
(75)

162
(58)

155
(52)

624
(74)

594
(123)

59.4
(13.4)

67.3
(23.5)

L5

-74
(45)

*

-48
(28)

-61 •
(31)

-86*
(46)

161
(56)

144
(67)

608
(96)

594
(130)

41.94
(20.1)

64.3
(25.2)

L6

3•
(39)

*

-46
(25)

-92
(56)

-109
(35)

160
(51)

138
(77)

612
(73)

596
(134)

43.3*
(14.9)

69.7
(30.6)

;

Table 4.4. Temporal and intensity parameters ofthe latissimus dorsi during static shoulder
extension (Ext) and adduction (Add) tasks. Significant (p<0.05) differences for a particular
segment between static tasks have been denoted with a (*) with dashed lines indicating no
activity for that segment. Significant (p<0.05) differences within the one static task are also
included, as was done for extension in Section A, with a (•) used to indicate significant
(p<0.05) differences between that segment and L3 for both adduction and extension tasks.
Grand mean data from 20 subjects. Standard deviations are in brackets.

This result suggests that a change in direction, at least from adduction to extension,
does not appreciably influence the muscles' segmental activation patterns. The few
significant (p<0.05) differences that were detected between the two tasks included
the onset times of L5 and L6 which were activated significantly (p<0.05) earlier in
adduction when compared to their onset time in extension (Table 4.4). Other
significant (p<0.05) differences included the time to peak intensity of segment L4
which displayed a significantly earlier peak intensity during the adduction task
(Table 4.4).
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Statistical comparisons were not performed on the latissimus dorsi w h e n comparing
flexion to adduction or extension, as during the 75% MVC flexion trials only LI was
activated with all other segments ofthe latissimus dorsi displaying baseline EMG
readings upon data collection. This is in direct contrast to the adduction and
extension tasks where the lowest contraction intensity recorded was 41.9% MVC by
L5 during extension (Table 4.4) with all segments being activated in extension and
adduction.

Deltoid
Functional differentiation was most evident within individual segments ofthe
deltoid with changes in task direction. For example, when comparing the activation
patterns ofthe deltoid during the adduction and extension tasks segments D3-D7
were activated during extension whereas only D6 and D7 were activated during the
adduction task (Table 4.5 and Figures 4.9 and 4.10). Segments D6 and D7, although
being activated for both directions, displayed significant (p<0.05) differences in both
temporal and intensity characteristics. For example, D6 had a significantly (p<0.05)
later onset, an earlier offset, a shorter period of activation and a lower contraction
intensity during adduction when compared to extension (Table 4.5). A similar
situation was apparent for D7, which displayed a significantly (p<0.05) shorter
period of activation and lower contraction intensity in adduction when compared to
the extension task (Table 4.5).
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Onset (ms)
Ext

m

43* ±
(7T\

D4
D5
D6
D7

Add

Peak (ms)
Ext
.45

Off(ms)
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*

Ext

. .199

.'

Add
*
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%
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574 *

33.4* *

622 * -;
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641 ^
.
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(27)
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--—
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,

-14, *' 22*
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(46)

(48)

(46)

-37
(30)

-7
(28)

-62
(39)

149
-70
(35) : (114)

179 * 112
(68)
(55)
146
(48)

• (99)

-

595 *
(87)

62.6* * — — ;

— —

(13.8)

All
(133)

81.4
(24.7)

637 *

536

83.5

(100)

(89)

(29.6)

* 27:^6
(17.7)

* 47.2
(36.2)

Table 4.5. Temporal and intensity parameters ofthe deltoid during static shoulder
extension (Ext) and adduction (Add) tasks. Significant (p<0.05) differences for a particular
segment between static tasks have been denoted with a (*) with dashed lines indicating no
activity for that segment. Significant (p<0.05) differences within the one task are also
included, as was done for extension in Section A, with a (*) used to indicate significant
(p<0.05) differences between that segment and D 7 for both the adduction and extension
tasks. Standard deviations are in brackets. Grand mean data from 20 subjects.

W h e n comparing between the different task directions of abduction and extension all
segments were active during the abduction task whereas only D3-D7 were active
during the extension task (Table 4.6). For segments D3 and D4 a significantly
(p<0.05) earlier activation and higher contraction intensity was displayed during
abduction 20° when compared to the extension task. In comparison to this result, D7
displayed a significantly (p<0.05) earlier activation and higher contraction intensity
during extension when compared to the abduction 20° task (Table 4.6).

For simplicity, only the variables (onset and % M V C ) that elicited the largest amount
of functional differentiation were statistically analysed for comparisons between
tasks for this table.
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W h e n comparing the different direction tasks of abduction and flexion (at 75 %
MVC), as stated, all segments ofthe deltoid were activated during the 20° abduction
task whereas only D1-D4 were active during the flexion task (Table 4.6).

% MVC
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19.3*
(15)

*

26.8*' ?fc

—

(17.7)
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Table 4.6. Deltoid segment comparisons between abduction 20° (Abd) vs extension (Ext)
and abduction 20° vs flexion 7 5 % M V C (Fix). Significant (p<0.05) differences for a
particular segment between static tasks have been denoted with a (*) with dashed lines
indicating no activity for that segment. Significant (p<0.05) differences within the one task
are also included, as was done for extension in Section A. A (*) is used to indicate
significant (p<0.05) differences between that segment and D 7 for extension, between that
segment and D 3 for abduction and between that segment and D 2 for the flexion task.
Standard deviations are in brackets. Grand mean data from 20 subjects.
For segments D3 and D4 a significantly (p<0.05) earlier activation and higher
contraction intensity was displayed during abduction 20° when compared to the
flexion task. In comparison to this result, segment Dl displayed a significantly
(p<0.05) earlier activation and higher contraction intensity during flexion when
compared to the abduction 20° task (Table 4.6).
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In summary, the results have shown that the activation patterns of a particular

segment of a muscle can be highly dependent on the direction ofthe static task to be
performed.

Section C: Evidence of Functional Differentiation by Changing
Contraction Intensity
The strategy used to determine whether contraction intensity would influence a
segment's activation pattern was to replicate the same task at two different levels
muscle contraction intensity. The chosen static task for this purpose was a static

shoulder flexion at 20° of abduction with the muscle contraction levels set at eithe
25% MVC or 75% MVC. A comparison of onset times and % MVC values between
the two contraction intensities is presented in Figures 4.11 and 4.12 respectively.

Pectoralis Major
During the flexion tasks functional differentiation was again apparent with changes
in the intensity of contraction (25 or 75 % MVC) influencing whether a segment
would be active. For example, the onset times depicted in Figure 4.11 show that all
pectoralis major segments were activated during the 75 % MVC flexion task, (> 10
% MVC), whereas during the 25 % MVC flexion task only segment PI was
activated at 16.9% MVC (Figure 4.12 and Table 4.7).
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Figure 4.11. Onset times for segments during static shoulder flexion tasks performed at
7 5 % (blue circles) and 2 5 % M V C (red triangles) at 20° of shoulder joint abduction in the
frontal plane. The dashed line represents the onset of the force record with segmental onset
times to the left (negative) of this line being activated before the onset of the force record
(load cell). Segments are aligned according to anatomical location starting from the inferior
pectoralis major segments ascending over the shoulder to then descend to the latissimus
dorsi segment (LI). Note that all segments of the pectoralis major, the four most anterior
segments of deltoid and the one superior segment (LI) of the latissimus dorsi were
activated during the 7 5 % M V C contraction compared to only PI, D l and D 2 being
activated ( > 1 0 % M V C ) during the 2 5 % M V C contraction mode. Standard error bars are
shown. Grand mean data from 20 subjects.
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Figure 4.12. The effects of different contraction intensities, 25 and 7 5 % M V C flexion, on
% M V C values during the static flexion tasks performed at 20° of abduction angle in the
frontal plane. M V C values were absolute; being taken from the m o d e of contraction
(abduction, adduction, flexion and extension) that elicited the highest myoelectric intensity
for that segment at 20° of abduction angle. For quantitative % M V C values see Table 4.7.
Note that differences in shading do not represent statistical differences. Grand mean data
from 20 subjects.
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Table 4.7. The effect of a change in contraction intensity utilising the static flexion 7 5 %
and 2 5 % M V C tasks. Only segments that were active ( > 1 0 % M V C ) in either of these two
tasks are shown. Instances where the contraction intensity significantly (p<0.05) influenced
a segments activation pattern between the two tasks are denoted with a (*). Additional
within movement comparisons have also been included with the pectoralis major using a (•)
to indicate significant (p<0.05) differences between that segment and PI. For the latissimus
dorsi a (•) is used to indicate significant (p<0.05) differences between that segment (LI)
and D 2 and a (*) is used for the deltoid to indicate significant (p<0.05) differences between
that segment and D 2 . Standard deviations are shown in brackets. Grand m e a n data from 20
subjects.
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Segment PI also displayed a peak intensity significantly (p<0.05) earlier in the 25 %
MVC contraction when compared to the 75 % MVC flexion task (Table 4.7).

Uxtissirnus Dorsi
For the latissimus dorsi, only the most superior segment, LI, was activated during
the 75% MVC flexion task (Table 4.7 and Figures 4.11 and 4.12). In comparison,
the 25% MVC flexion task did not activate segment LI, or any other ofthe
latissimus dorsi segments. This signified that contraction intensity altered the
activation patterns of segments within the latissimus dorsi. At 35 ms after the force
record LI was the last segment to be activated in the 75% MVC flexion task (Table
4.7).

Deltoid
During the 75% MVC flexion task the anterior and middle deltoid segments, D1-D4,
were activated above 10% MVC whereas during the 25 % MVC task only the most
anterior segments, Dl and D2, were active. This indicated that the intensity of
contraction influenced which deltoid segments would be activated (Table 4.7 and
Figure 4.11). Table 4.7 also shows that segment Dl was activated significantly
(p<0.05) earlier in the 25 % MVC mode when compared to a later activation during
the 75 % MVC contraction mode.

A representative EMG trial from the 75% MVC flexion task is depicted in Figure
4.13. The expanded views show variations in the onset times of adjacent segments
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Figure 4.13. R a w E M G data for active segments during the static shoulder flexion ( 7 5 %
M V C ) task. Representative data from a single trial for one subject. Note the significant
(p<0.05) differences in onset times between adjacent intramuscular segments (D2 vs D 3
and P 2 vs P3) in the expanded views (right).
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that were found to be significantly (p<0.05) different for these particular segment
comparisons (D2 vs D3 and P2 vs P3).

In summary, the results showed that the intensity of a static shoulder flexion task
will influence whether a segment of a muscle will be activated (>10% MVC).

Section D: Evidence of Functional Differentiation by Changing
Muscle Length
The experimental strategy to determine whether muscle length would affect a

segment's activation patterns was to replicate the same task direction at two differen
shoulder joint positions. The chosen task for this purpose was static shoulder
abduction performed at 20° and 50° of abduction at a contraction intensity of 75%
MVC. Figures 4.14 and 4.15 give an illustration of segment activation patterns
during these two tasks.

Pectoralis Major
No activity (<10% MVC) was apparent from segments ofthe pectoralis major during
the abduction tasks (Figure 4.15).

Ijatissunus Dorsi
No activity (<10% MVC) was apparent from segments ofthe latissimus dorsi during
the abduction tasks (Figure 4.15).
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Figure 4.14. Onset times for segments during the static abduction tasks performed in a
frontal plane at 7 5 % M V C at 20° (red triangles) and 50° (blue circles) of arm abduction.
Only deltoid segments were activated during the abduction tasks. The vertical dashed line
represents the onset of the force impulse with segmental onset times to the left (negative) of
this line being active before the onset ofthe force. Only deltoid segments (D1-D7) were
active during the two abduction positions. Standard error bars are shown. Grand mean data
from 20 subjects.
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Figure 4.15. A graphic representation ofthe effects of a change in muscle length (20° and
50°of abduction angle in thefrontalplane) during the 7 5 % M V C abduction contraction
mode. Only deltoid segments were activated during these tasks. For comparative purposes
M V C values for the 20° and 50° movements were taken from the abduction 20° and 50°
M V C contractions respectively. Quantitative % M V C values are displayed in Table 4.8.
Note that differences in shading do not represent statistical differences. Grand mean data
from 20 subjects.
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Deltoid
When comparing the effect of a change in muscle length the 20° and 50° abduction
tasks did little to influence the activation characteristics of individual
segments (Figures 4.14 and 4.15). For example, no significant (p<0.05) differences
were found in the onset times, contraction intensity, time to peak intensity or the
duration of each segments EMG burst. The only significant (p<0.05) result between
static tasks w a s the deactivation times (offset) of segments D l and D 3 (Table 4.8).
Onset
20° Abd 50°
_4*
4*

11

Dl
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20° Abd 50°

20° Abd 50°
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%
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37.7*

42.7*
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Table 4.8. The effect of a change in muscle length (20 & 50° abduction) on temporal and
intensity parameters within deltoid segments. This table shows significant (p<0.05)
differences for a particular segment between tasks being denoted with a (*) symbol. For
completeness significant (p<0.05) differences (*) within each static task were made against
segment D3. Standard deviations are shown in brackets. Grand mean datafrom20
subjects.

Section E: Evidence of Inter and Intramuscular Segment
Coordination
This section ofthe results will identify evidence of coordination between segments
of different muscles (intermuscular segment coordination) and also within segments
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ofthe same muscle (intramuscular segment coordination; see glossary) based on
selected examples from the various static tasks.

The evidence of inter and intramuscular segment coordination was mainly apparent
in the segmental onset times data. A sequential activation of adjacent anatomically
located segments was evident from segments ofthe same muscle (eg; L4 and L5)
and also from segments of different muscles (eg; LI and D7); an example being
illustrated in Figure 4.16. This diagram, depicting the onset times in the extension
task, has been previously used to show functional differentiation within individual
muscles, but is additionally a good example of inter and intramuscular segment
coordination. Figure 4.16 shows that from the initially activated prime mover
segment L3 the wave of motor unit activation spreads sequentially from this segment
both inferiorly to L6 and superiorly to D3. This is particularly evident with the
sequential activation of adjacent segments LI and D7, on the postero-medial aspect
ofthe shoulder, that would indicate a certain degree of intermuscular segment
coordination.

Another example of intermuscular segment coordination was evident with the onset
times for the 75% MVC flexion task. For example, during this static task the onsets
of certain deltoid (Dl and D2) and pectoralis major (PI and P2) segments were
statistically the same and acted somewhat as a functional unit (Figure 4.17).
Specifically, these segments (PI, P2, Dl and D2) turned on first as a group to initiate
the flexion task and no significant (p<0.05) differences between these segments were
found. However, significant (p<0.05) differences were found between P2 and P3
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Figure 4.16. The onset times of active segments during the static shoulder joint extension
task with the arm positioned at 20° of shoulder joint abduction in the frontal plane. The
vertical dashed line represents the onset of the force impulse with segmental onset times to
the left (negative) of this line being activated before the onset ofthe force (load cell).
Segments have been graphed according to anatomy starting anteriorly from the pectoralis
major segment (P3), to ascend superiorly over the shoulder to then descend to the most
inferior latissimus dorsi segment (L6). Note that only segments that were active (>10%
M V C ) are depicted with non-active segments not shown due to practical reasons. Note also
the wave of activation commencing from the prime mover L3 segment (dotted lines).
Standard error bars are shown. Grand mean data from 20 subjects.
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Figure 4.17. Evidence of intermuscular segment coordination in the onset times for active
segments during the static shoulder flexion task performed at 7 5 % M V C at 20° of shoulder
joint abduction in the frontal plane. A functional unit formed between segments P2, PI, D l
and D 2 is circled. The * symbolised significant (p<0.05) differences between P 2 and P3
and also D 2 and D 3 onset times to hence provide this functional grouping of segments (P2,
PI, Dl and D2). The dashed vertical line represents the onset ofthe force impulse with
segmental onset times to the left (negative) of this line being activated before the onset of
the force impulse (load cell). Segments are aligned anatomically starting from the inferior
pectoralis major segments and travelling superiorly over the shoulder to then travel
downwards to the superior latissimus dorsi segment Ll. Standard error bars are shown.
Grand mean data from 20 subjects.
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onset times and D 2 and D 3 onset times which indicated functional differentiation
between the initially activated four segments and the remaining segments that were
activated in the flexion task. (Figure 4.17). Additionally, no significant (p<0.05)
differences were found between these four segments in peak intensity, off, and
duration of EMG burst. However, segment P2 did display a significantly (p<0.05)
lower contraction intensity (%MVC) than Dl and D2 and hence was not included in
the prime mover classification for this movement (Table 4.1). The fact that these
individual segments from two muscles acted as one functional group is further
evidence of intermuscular segment coordination. Specific details of active segments
during the flexion 75% MVC task are found in Table 4.7.

Additional evidence of intermuscular and also intramuscular segment coordination
was displayed by the onsets of latissimus dorsi and posterior deltoid segments during
the adduction task (Figure 4.18) which were very similar to the pattern that was
evident in the extension task. Specifically, Figure 4.18 illustrates a wave of
activation spreading initially from the earliest activated L3 segment to sequentially
activate both inferior (L4, L5 and L6) and superiorly located segments (L2, Ll, D7
and D6) relative to L3.

A further wave of activation in Figure 4.18 is also evident in the anteriorly located
pectoralis major segments from the lowermost sternal segments to the uppermost PI
segment. A linear regression analysis (Figure 4.19), which revealed an R value of
.92 between the anatomical location of a segment and its onset time, has been used
to illustrate this relatively sequential onset of pectoralis major segments from the
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Figure 4.18. A n example of inter and intramuscular segment coordination in the onset
times for active segments during the static shoulder adduction task performed at 7 5 % M V C
at 20° of shoulder joint abduction in thefrontalplane. Note the wave of myoelectric
activity commencing from the L3 segment and spreading to both inferior (L4, L 5 and L6)
and superiorly (L2, Ll, D 7 and D 6 ) located segments. The dashed vertical line represents
the onset ofthe force record (load cell) with segmental onset times to the left (negative) of
this line being activated before the onset ofthe force. Segments are aligned anatomically
starting from the inferior pectoralis major segments travelling superiorly over the shoulder
to then descend to the inferior latissimus dorsi segments. Standard error bars are shown.
Grand m e a n data from 20 subjects.
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172

Muscles within Muscles

lowermost sternal segments (P5 and P 6 ) to the uppermost PI segment (Figure 4.19).
This sequential activation of pectoralis major segments is an example of
intramuscular segment coordination and is quantified with the regression analysis as
shown in Figure 4.19.

Further evidence of intramuscular segment coordination is illustrated by the onset
times of deltoid segments during the abduction tasks (Figure 4.20).
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Figure 4.20. A n example of intramuscular segment coordination in the onset times of
deltoid segments during the static abduction tasks at 20° (red triangles) and 50° (blue
circles) of shoulder joint abduction performed in the frontal plane at 7 5 % M V C . Only
deltoid segments were activated during the abduction tasks. Note the wave of myoelectric
activity commencing from the D 3 segment in both static tasks. The vertical dashed line
represents the onset ofthe force record with segmental onset times to the left (negative) of
this line being active before the onset of the force. Standard error bars are shown. Grand
mean data from 20 subjects.
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This figure depicts a w a v e of activation commencing from segment D 3 to then
spread to the adjacent anterior (D2 and Dl) and posterior (D4, D5, D6 and D7)
segments in both the 20 and 50° static tasks.

Reliability, Normality and Fatigue Analysis
With the results of this experiment dependent on the reliability ofthe temporal data,
a series of trials were analysed a second time and compared against the original
temporal data (Table 4.9).
Initial Values
(ms)
Segment Onset
Segment Peak
Segment Off

Re-tested Values
(ms)

Significance
P<0.05
P = 0.849

370

363

(149)

(153)

514

525

(185)

(181)

581

586

(169)

(166)

P = 0.804
P = 0.911

Table 4.9. Reliability resultsfromthree Paired T-Tests performed on the segmental onset,
peak and offset temporal variables.
The results of this analysis, as displayed in Table 4.9, show no significant (p<0.05)
differences in pre and post data analysis of temporal points located from linear
envelope (20 Hz) signals (Figure 4.6). The reliability measures were performed over
30 trials that were distributed between three subjects. Prime mover, synergist and
antagonist segment temporal locations (onset, peak, offset) were all included within
these 30 trials. Initial values and re-tested values are simply the average ofthe sum
ofthe 30 points (a millisecond value), as located separately from each trial, on the
linear envelope signal with the onset, peak, and offset all varying in temporal
displacement with subsequent trials. Relatively high P values indicated no
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significant differences at the 0.05 level of significance. Reliability measures were
only performed on the temporal variables that relied, in part, on visual inspection to
identify location points.

Muscular fatigue was also assessed, utilising an analysis ofthe median frequency of
the electromyogram on various segments and static tasks. This was done on five
subjects from an initial andfinalthree trials from each of thesefivesubjects (Table
4.10).
Median
Frequency (Hz)
(1st three trials)

Median
Frequency (Hz)
(last three trials)

Significance
p<0.05

Subject 1
Adduction (L6)

109.6

105.6

p =0.155

(4.7)

(5.5)

Subject 2
Extension (L5)

106.6

111.1

(10.6)

(2.39)

60.3

67.2

(11.2)

(5.9)

Subject 3
Abduction 20° (D3)
Subject 4
Abduction 50° 0)5)
Subject 5
Flexion 7 5 % (PI)

91.3

92.9

(7.5)

(11.9)

54.6

48.8

(10.6)

(15.6)

p =0.611
p =0.386
p = 0.866
p =0.736

Table 4.10. Fast Fourier Transform results from Paired T-Tests performed on five subjects
for the assessment of muscular fatigue.

The median frequencies ofthe first three and last three trials ofthe 10 trial block
period for each 75% MVC task (before a 10 minute rest) were tested on various
subjects which included five ofthe six static tasks. Mixtures of different segments
were used to assess possible fatigue from a number of electrode locations. Values are
in Hertz and are the mean value ofthe three trials. Table 4.10 shows the standard
deviations in brackets. P values indicated no significant (p<0.05) differences in
median frequencies and hence no indication of muscular fatigue.
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The normality of each dependent variable used in the Repeated Measures ANOVA
tests were checked by using a Kolmogorov-Smirnov test ofthe residuals. The
results of these tests indicated that the data was drawn from a population with a
normal distribution with P values above 0.05 usually being found. In the minority of
tests that did show P values <0.05 a histogram indicated a predominantly bell-shaped
curve. Coupled with the strictness ofthe Kolmogorov-Smirnov test and the high
number of observations, the assumptions underlying the Two-Way Repeated
Measures ANOVA were hence not considered to be seriously violated.

176

Muscles within Muscles

Discussion
The aims ofthe work presented within this chapter were to identify the extent of
functional differentiation within segments ofthe pectoralis major, latissimus dorsi
and deltoid and to establish the degree of coordination within and between segments
of these muscles. The following discussion concerning the extent of functional
differentiation within these muscles' segments will follow the format set out in the
results and will hence focus on the following five issues:

1. Evidence of functional differentiation within individual muscles.
2. Evidence of functional differentiation by changing task direction.
3. Evidence of functional differentiation by changing contraction intensity.
4. Evidence of functional differentiation by changing muscle length, and,
5. Evidence of inter and intramuscular segment coordination.

Evidence of Functional Differentiation within Individual Muscles
As the results have indicated, the evidence for functional differentiation within
individual muscles was abundant, with a high level of independent activation being
exhibited by each ofthe three muscles' segments. As previously stated, the criterion
that determined functional differentiation within each muscle was whether any
significant (p<0.05) differences could be distinguished between each adjacent
segment (ofthe same muscle) when all temporal and intensity variables from all
static tasks were considered. This criteria was adopted on the basis that if a muscle
is to be considered homogenous in function then all of its constituent parts
(segments) should.turn on at the same time, have the same intensity and duration of
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contraction and similarities in any other temporal or intensity parameter measured.
This was not apparent when measuring from different locations within the three
muscles and hence segments of a muscle could be designated as being somewhat
independent from the remaining muscle bulk. This ultimately determined the
number of independent segments in each ofthe three muscles investigated and these
results have been graphically presented below in Figure 4.21. Note that the diagram
shows independent activation exhibited from most segments with only the lower
three segments ofthe latissimus dorsi (L4, L5 and L6) and the pectoralis major (P4,
P5 and P6) being unable to be separated and hence considered as a functional unit.

In contrast to this result, the deltoid is normally described as consisting of three segment
anterior, middle and posterior segments (Moore, 1992; Ringelberg, 1982; Shevlin et al.,
1969). Although this description of deltoid function is utilised for teaching purposes, the
present experiment in conjunction with previous work (Wickham & Brown, 1998), has
found more functional complexity within this muscle. For example, the classically

described anterior deltoid has been found to contain at least two functional segments in the
current work (Dl and D2) with significant (p<0.05) differences found in the onset times of
Dl and D2 during the abduction tasks (Table 4.8). Additionally, a similar result was also
apparent between the onset times for D6 and D7; segments which would in part constitute
the posterior portion ofthe deltoid as described in anatomical texts (D5 would also be
included in that description). Functional differentiation was also apparent within the

'middle deltoid', in this work described as D3 and D4, with significant (p<0.05) differences
between the onset times of these segments during the extension task (Table 4.1).

178

Muscles within Muscles

Figure 4.21. A schematic diagram depicting the level of independent activation within each
ofthe three muscles according to the significant (p<0.05) results found in the A N O V A
analyses. Segments that displayed independent activation (displayed a significant (p<0.05)
difference to an adjacent segment/s) are put in a circle by themselves with each circle
representing a potentially independent portion of muscle tissue.
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Overall, significant (p<0.05) differences could be distinguished between each
adjacent segment ofthe deltoid when all static tasks and variables were taken into
consideration. This evidence of independent segmental activation by the central
nervous system would therefore attribute at least seven functional segments to the
deltoid muscle. It should be noted that this result is one more functional segment
than found during previous work on this muscle (Wickham & Brown, 1998) and is
doubtlessly indicative ofthe wider range of static tasks utilised in this experiment.

As Figure 4.21 shows, the deltoid did display a greater degree of independent control
amongst its constituent segments when compared to the pectoralis major and the
latissimus dorsi. A possible explanation for the observed differences in function
may stem from the differing amounts of cortical outflows to these muscles, in
particular the "strength" of corticomotoneuronal projections. For example, by
utilising cortical stimulation and post-stimulus time histograms, it has been shown
that the strength of corticomotoneuronal projections to deltoid motor units is
significantly larger than that to pectoralis major motor units (Colebatch, Rothwell,
Day, Thompson, & Marsden, 1990). The strength of these projections being
ascertained by measuring the size ofthe peaks ofthe excitatory postsynaptic
potentials amplitude, following cortical stimulation, in which an average of 5.5 mV
were obtained for the deltoid and 2.2 mV for the pectoralis major in a comparable
amount of motor units studied. It is well known that the strength of these projections
to a particular muscle is directly related to the complexity ofthe tasks performed by
that muscle with a large amount of corticomotoneuronal projections documented for
intrinsic hand muscles (Kuypers, 1981; Nathan, Smith, & Deacon, 1990; Phillips &
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Porter, 1964). It could be assumed that reaching and prehensile tasks that are aided
by the deltoid might have contributed to the strength of corticomotoneuronal
projections to this muscle in comparison to the pectoralis major. We also
hypothesise that the strength of corticomotoneuronal projections to the latissimus
dorsi would be comparable to the pectoralis major and hence may have been a factor
contributing to the decreased amount of functional differentiation evident in this
muscle in comparison to that ofthe deltoid.

The results for the pectoralis major showed that this muscle was not as functionally
differentiated as the deltoid although at least four functional segments were
identified for the pectoralis major muscle. This result is two more than the
traditionally described sternocostal and clavicular segments of this muscle (Moore,
1992). One ofthe four identified segments included a functional grouping ofthe
lower segments P4, P5 and ?6 in which no significant (p<0.05) differences in any of
the five variables measured could be identified during any tasks studied (Figure
4.21). It should be noted, however, that the onset times of pectoralis major muscle
segments during adduction exhibited a sequential activation of segments from
inferior to superior (Figure 4.18) with a significant (r>.92) relationship found
between a segments location and its onset time (Figure 4.19). This result indicates a
preferred sequential ordering of motor unit activation by the central nervous system,
which could be interpreted as independent segmental activation by all pectoralis
major muscle segments even though the ANOVA analyses did not detect significant
(p<0.05) differences between all segments.
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With the pectoralis major traditionally described as consisting of clavicular (PI) and
sternocostal (P2-P6) segments, the finding of at least four functional segments
illustrates further evidence of functional differentiation within this muscle. This
result also questions the superficial labelling of pectoralis major segment function
(usually described as two parts; clavicular and sternocostal), which, like the deltoid,
maybe based to a greater extent on gross anatomical subdivisions.

As with the pectoralis major, at least four functional segments ofthe latissimus
dorsi muscle were identified. This included a functional grouping ofthe lower
segments L4, L5 and L6 which displayed no significant (p<0.05) differences
between them in all five dependent variables during all static tasks and so were
considered one functional unit (Figure 4.21). Alternately, the upper segments of Ll,
L2 and L3 displayed independent activation by the central nervous system with
significant (p<0.05) differences between each of these adjacent segments in at least
one ofthe five variables measured across all static tasks. This was particularly
evident as only Ll displayed myoelectric activity in the flexion 75% MVC trials.
The high level of independent control evident within the upper segments ofthe
latissimus dorsi is similar to that ofthe pectoralis major and may indicate a higher
degree of complex motor tasks routinely performed from the upper portions of these
muscles in everyday activities; however this is difficult to quantify. Further testing
would need to be done in order to confirm this assumption. The finding of at least
four functional segments within the latissimus dorsi muscle mass is considered
further evidence of functional differentiation as this muscle has not been generally
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considered to consist of functional segments as has been commonly described for the
pectoralis major (two segments) and the deltoid (three segments).

Evidence of Functional Differentiation by Changing Task
Direction
A further objective of this chapter was to determine the effect of changing task
direction on the activation of intramuscular segments. If task direction was shown to
alter the functional roles of segments (prime mover, synergist and antagonist) then
this would provide evidence of task dependent activation of motor units as has been
suggested (Hong, Corcos, & Gottlieb, 1994; Loeb, 1982; Loeb, 1985; Loeb, 1990;
Tax & Gielen, 1993). The semantics of these functional roles (prime mover,
synergist and antagonist), however, first needs to be discussed.

As indicated in the glossary, the general definition of a prime mover segment,
borrowed from whole muscle classifications (Norkin & Levangie, 1992) was that
these segment/s were the ones most responsible for producing the desired joint
motion. These segments, in this study, were characterised by early onset's, high
relative myoelectric activity, long duration's and an early rise to peak intensity. In
contrast, the definition ofthe term synergist (see glossary), again borrowed from
whole muscle classifications (Norkin & Levangie, 1992), was of a segment that
helped the prime mover perform the desired joint action and had a line of action
appropriate (see methods) for the desired static task. The synergist segments

generally had significantly (p<0.05) later onset's, lower relative myoelectric activity,
later rises to peak intensity or shorter duration's in comparison to a prime mover
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segment. Interestingly, synergists have also been defined as muscles that stabilise a
body part or prevent possible undesired actions; stabilising synergists (Norkin &
Levangie, 1992). This use ofthe term synergist, however, is not used in this current
work.

Antagonist segments were determined to be those active segments that had a line of
action that opposed the joint motion (see methods). Being active (>10% MVC)
these particular segments could also be possibly viewed as performing a stabilising
function. To avoid confusion and to adhere to a basic antagonist definition of a
muscle that opposes the desired joint motion (line of action on opposing side of joint
motion), an antagonist segment classification was utilised in preference to that of a
stabilising synergist.

As stated, the governing rules for segment classifications have been outlined earlier
in the methods section, and to reiterate, they basically state that prime mover
segment/s for a particular movement can not be separated statistically as a group for
any dependent variable (see methods of this Chapter). This meant that there should
be no significant (p<0.05) differences (in any temporal or intensity variable) between
designated prime mover segments whilst the remaining synergist segments display at
least one significant (p<0.05) difference to any ofthe designated prime mover
segment/s for that particular movement. The antagonist segments are those
segments that are active but have lines of action that oppose the joint motion.
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Instances where a particular segment functioned as a prime mover segment in one
movement, to then display temporal and intensity characteristics indicative of a
synergist segment for another movement, were numerous. For example, D4 (along
with D3) exhibited prime mover characteristics of an early activation and high
myoelectric activity for the abduction motions in contrast to the extension task where
the same segment was activated late in the movement and at a lower relative
myoelectric intensity indicative of a synergist segment (Table 4.6). A similar result
was exhibited by Dl, which acted as a prime mover segment during flexion, but as a
synergist segment during abduction.

Other instances were apparent where a segment functioned as a prime mover or
synergist segment in one movement, to then function as an antagonistic segment in
another movement. For example, D3, which had a line of action anterior to the joint
centre (Table 3.3), was activated in the extension task (antagonistic activation), in
comparison to its prime mover activation characteristics during abduction. Being
anterior to the joint centre it was assumed that this segment was not directly aiding
the prime mover/s segments but more likely providing some sort of stabilising
function to enable the static contraction to take place. A similar instance in
extension was also evident with segment P3 being activated. This segment also has
its line of action anterior to the joint centre, which would directly oppose the
extension movement (antagonistic activation). This is in comparison to its
synergistic activation characteristics during adduction in which it was activated
significantly (p<0.05) later than P6 (prime mover segment) during this movement
(Table 4.3). Furthermore, Ll also displayed an antagonist role with its activation in
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flexion (line of action posterior to joint centre) in comparison to its synergist
activation characteristics during adduction and extension.

The selective activation of antagonist segments, presumably recruited for
stabilisation purposes, further illustrates the efficiency of motor unit recruitment by
the central nervous system not limited to prime mover and synergist segment
activation patterns. For instance, as stated previously, segments with the most
efficient (see glossary) lines of action for a movement have been shown to be
recruited first and have the highest amounts of myoelectric activity; these segments
being termed prime mover segments. In regard to antagonist segments, P3 and Ll
were selectively recruited from their own muscle masses for extension and flexion
respectively. These segments possessed the most transverse lines of action of their
respective muscle masses. Due to their lines of action it would seem that the most
appropriate segments to stabilise the head ofthe humerus against the glenoid fossa
have been selectively recruited from these muscles for these two static tasks. It is
hypothesised that these segments are helping to prevent any anterior (segment Ll
during flexion) or posterior (segment P3 during extension) translation ofthe
humerus associated with the flexion and extension static tasks.

Evidence of Functional Differentiation by Changing Contraction
Intensity
A further criterion used to determine the extent of functional differentiation was to
vary the contraction intensity of a particular static task. The justification for this
criterion to identify functional differentiation was on the premise that if all segments
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of a muscle were considered to be as functionally important for a particular
movement then all parts of that muscle would be activated at any % MVC of
contraction. This did not occur for the flexion trials and hence functional
differentiation was apparent. The results (Table 4.7 and Figure 4.12) indicated a
selective dropout (<10% MVC) of segments when comparing the 75% MVC flexion
task to the 25% MVC task with only those motor units from segments with the more
efficient lines of action still being recruited in the 25% MVC flexion task.
Furthermore, segments with the highest contraction intensities from the 75% trials
also displayed the highest contraction intensities during the 25% trials; these being
the prime mover segments (Table 4.2). To summarise the effects of contraction
intensity on segmental activation, it would seem that at low contraction intensities
only motor units from segments with the most efficient lines of action (prime mover
segments) are recruited for the movement. With increasing contraction intensities
motor units from segments of muscles with more oblique (see glossary) lines of
action to the task direction (synergist segments) are recruited to aid the prime mover
segments in producing the desired outcome.

It is acknowledged that a threshold effect may be apparent here in the recruitment of
segments. However, this does not rule out the differences in function that are taking
place within segments of these muscles. For example if a threshold effect for
segment activation were apparent then motor units under the same segment would be
activated first independent of what the motor task involved. The results indicate that
segment activation is dependent on the motor task being performed as segment
activation patterns change with task parameter changes. The person seems to
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activate the most appropriate segments to perform the task in all situations and this
indicates functional differentiation within the neuromuscular apparatus.

Evidence of Functional Differentiation by Changing Muscle
Length
The effect of a change in muscle length was also utilised in this experiment to
determine if the muscle length at which a segment contracts during a particular
movement direction influenced functional differentiation. As previously stated the
movement for this purpose was abduction performed at 20 and 50° of abduction in
the frontal plane with the 50° abduction position having the effect of shortening the
deltoid muscle mass in comparison to the 20° position. The results showed that by
changing the abduction movement to 50° from 20° of abduction, hence shortening
deltoid muscle length, no significant (p<0.05) differences in onset, peak, duration or
contraction intensity became apparent from segments ofthe deltoid. As segment D7
is in close proximity to the joint centre in a frontal plane view (Table 3.3 and Figure
3.16) a larger change in movement position, possibly to a 90° abducted position,
may have significantly (p<0.05) altered the activation patterns of this segment as its
line of action would now assume an abductor function. Alternately, it is doubtful
that the remaining segments being abductors at 20, 50, and 90° (extrapolated from
Table 3.3) would alter their activation patterns significantly (p<0.05) with a change
from 20 to 90 or more degrees. It should be noted that a further reason why no
major changes were apparent between the two abduction conditions may have been
due to the minimal effect that abduction angle increases had on each segment's line
of action in relation to the movement force direction within the frontal plane. For
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example, at 20, 50 and 90° of abduction the direction ofthe static force applied to
the arm cast is directed outwards from the body in the frontal plane at 20, 50 and 90°
respectively from the horizontal. When analysing Table 3.9 the 20 and 50° positions
do not alter appreciably the rotational element of each deltoid segment's torque.
Therefore, the positional change does not appreciably alter the relationship between
the movement force vector (direction ofthe force applied to the arm cast) and the
line of action of each segment when viewed in the frontal plane. Alternatively, if the
rotational elements ofthe lower segments ofthe latissimus dorsi are contrasted in the
two positions (Table 3.9) there is a much greater effect of this positional change on
the amount of rotational torque a segment produces in an adduction task. For
example, the lower segments ofthe latissimus dorsi, L5 and L6 have an average
rotational element of their total torque at 49.1 and 43.2% respectively at 20° of
abduction. In contrast, with the 50° position the rotational element of these
segment's torque is now at 83.5 and 81.7% for L5 and L6 respectively (Table 3.9;
page 98). What this suggests is that the lower segments of latissimus dorsi would
have a much more efficient line of action for adduction (> rotational element) in the
50° rather than the 20° position. Interestingly, in further experiments on functional
differentiation in which adduction movements were performed from a starting
position of 90° of abduction segment L6 was initially activated with a wave of
activation spreading superiorly to eventually activate Ll (McAndrew, 1994). During
this experiment, performed at 20° of abduction, segment L3 was initially activated
with a wave of activation spreading across the latissimus dorsi from this point to
reach the peripheral segments Ll and L6 (Figure 4.19).

189

Muscles within Muscles

It should be mentioned that the 50° position was the maximum that the cadaveric
arm could be abducted and still maintain the shoulder joint integrity needed for the
Three-Dimensional analysis ofthe first experiment. The experimenters, wanting to
make use ofthe biomechanical data from the 20 and 50° positions for the purposes
ofthe second experiment analysis, therefore did the static contractions in these
positions.

Evidence of Inter and Intramuscular Segment Coordination
The final issue to be discussed concerned evidence of coordination within the one
muscle and also between segments of two different muscles (intra and intermuscular
segment coordination respectively). Numerous examples were apparent in which
segments of a muscle displayed identical temporal and intensity activation
characteristics to segments of another muscle. The existence of intermuscular
segment coordination gave new meaning to the concept ofthe "muscle equivalent"
which has been used as a term where synergistic whole muscles are grouped together
as a single functional unit to produce certain movements. (Bouisset, 1973; Bouisset
& Goubel, 1973). For example, in this experiment intermuscular segment
coordination was apparent between selected pectoralis major (PI and P2) and deltoid
segments (Dl and D2) for the flexion trials at 75% MVC. Figure 4.17 depicts how
these segments from the two muscles acted as a single functional unit in their onset
times, with no significant (p<0.05) differences between these four segments, but
with significantly (p<0.05) later onset times from the adjacent segments P3 and
segment D3 (Figure 4.17). This does not appear to be coincidental as these segments
provide the most efficient lines of action for this movement (Table 3.3). This
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example of intermuscular segment coordination illustrates h o w the central nervous
system utilises the most efficient portions of muscle tissue, irrespective of gross

anatomical taxonomy, to perform the intended static task; in this instance to initiate a
static shoulder flexion task.

Further examples of inter and also intramuscular segment coordination was seen in
the onset times for segments during the adduction task (Figure 4.18). A wave of
activation was apparent which commenced in the somewhat middle segment, L3, to
then activate each adjacent latissimus dorsi segment sequentially, both superiorly
and inferiorly, in what seems like a highly coordinated manner. Furthermore, this
wave of activation spread superiorly from Ll to activate the next adjacent segments
of D7 then D6. Additionally intramuscular segment coordination was apparent in
the abduction trials where another myoelectric wave of activation commencing from
segment D3 is evident (Figure 4.20). The wave of myoelectric activity commencing
from a certain segment, which was dependent on the movement direction, and
sequentially activating adjacent segments was a common phenomenon evident in the
results of this experiment and suggests a modus operandi in which the central
nervous system controls movement.

From a central nervous system perspective, it would seem then that the location in
the motoneuron pool of a particular muscle for the initial neural impulses from
descending signals would vary for particular movements. This would doubtlessly be
the result of practice from previous movements ofthe same nature. The twenty to
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thirty practice trials before the recording process began presumably would have
aided in a consistent topographical location point for these initial descending signals.

It is also hypothesised, although not yet known, that the motoneuronal cell bodies of
motor units from adjacent segments may reside in closer proximity to each other in
the motoneuron pool than non adjacent segments thus forming discrete and spatially
aggregated regions within the ventral horn ofthe spinal cord. If the motoneuron
pools in man are similar to the organisation in the cat, then, this arrangement would
likely be a rostro-caudal relationship and may represent "the type of map by which
any given peripherally compartmentalised muscle is organised" (Weeks & English,
1987). With the technique of stimulating dissected rootlets to produce glycogen
depletion of their innervated muscle fibres (English & Weeks, 1984) not used in this
study, it is difficult to determine whether the three muscles are peripherally
compartmentalised into neuromuscular compartments. However with the first
experiment identifying multiple primary nerve branches diverging into somewhat
differing areas of muscle mass the possibility exists that the muscles studied may
well be peripherally compartmentalised according to previously cited criteria
(English & Weeks, 1984).

Summary
In conclusion it was evident that a particular segments activation pattern was
somewhat dependent on how far its line of action diverged from the initially
activated segment for that static task. The greater the divergence of a segments line
of action from the initially activated segment the later that segment would become
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activated and the lower its contraction intensity. The initially activated segment was
dependent on task direction but invariably the next segment to be activated would be
an adjacent segment that would hence result in a sequential activation of segments
from the initial starting point. This is illustrated, in part, with the onset times of
pectoralis major segments during adduction where an R2 value of .92 between a
segment's anatomical location and its onset time was found (Figure 4.19), and as
stated earlier, suggests a modus operandi in which the central nervous system may
control movement.

Finally, the myoelectric evidence of functional differentiation seen in the results
indicates a high level of central nervous system control over the activation patterns
of segments from the pectoralis major, latissimus dorsi, and in particular, the deltoid
during the production of static force impulses.
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CHAPTER FIVE
Experiment Three: The Activation Patterns of
Intramuscular Segments during Dynamic
Shoulder Joint Tasks

Introduction
Results ofthe previous experiments have established that individual skeletal muscles
exhibit evidence of muscular segmentation, and that functionally most of these
identified segments show evidence of independent segmental activation during the
performance of static tasks. Although the function of multisegmental muscle during
static tasks has been described, it is not certain whether similar results would be
obtained under conditions where fast dynamic tasks were employed. These dynamic
tasks would also more fully mimic real-life joint rotations and thereby provide more
applicable results. By incorporating rapid arm movements into an experimental
protocol the formulation and testing of new and current motor control strategies can
be achieved as these movements are predominantly utilised in studies on motor
control. Additionally, with the triphasic EMG burst* forming the basis of rapid limb
movements (Angel, 1977; Angel, 1981; Feldman, 1986; Gottlieb, Corcos, &
Agarwal, 1989b; Gottlieb, Latash, Corcos, Liubinskas, & Agarwal, 1992; Latash,
1994; Latash & Gottlieb, 1991b) a reinvestigation into the three-burst pattern, with
regard to the control of individual segments, can also be attempted. This would
indicate whether the triphasic EMG burst pattern is recognisable across the breadth

' See Literature Review
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of a multisegmental muscle. Furthermore, are current motor control theories, which
incorporate the triphasic EMG burst pattern into their framework, applicable to large
radiate muscles if the three burst pattern is not present across the whole breadth of
both agonist and antagonist muscles?

For example, the equilibrium point hypothesis (lambda version) (Latash, 1992;
Latash, 1998; Latash & Goodman, 1994; Latash & Gottlieb, 1991a; Latash &
Gottlieb, 1991b) is one ofthe more accepted theories of neuromotor control. This
theory basically implies that the control of voluntary movement can be bought about

by the central modulation of a stretch reflex (tonic stretch reflex) to the participat
muscles*. As the resulting EMG waveforms ofthe active antagonist muscle have
been used to test the validity of this theory (Latash, 1994), a modified experimental
design of this paper could be implemented which would test its applicability in
regard to the functioning of multisegmental muscle.

In regard to the triphasic EMG burst, previous research has shown that during rapid
limb movements agonist and antagonist muscles around a joint typically exhibit this
'triphasic' pattern of muscle activity which is considered to be a 'modus operandi'
for these types of movements (Angel, 1975; Angel, 1977; Gottlieb, Corcos, &
Agarwal, 1989a; Gottlieb, Corcos, Agarwal, & Latash, 1990; Hannaford & Stark,
1985; Lacquaniti & Soechting, 1986; Latash, 1994; Lestienne, 1979; Marsden,
Obeso, & Rothwell, 1983; Richardson & Simmons, 1985; Sanes, 1986; Simmons &
Richardson, 1992; Smeets, Erkelens, & Denier van der Gon, 1990; Wierzbicka,

" See Literature Review for more detail.
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Wiegner, & Shahani, 1986). However, these studies have typically utilised one
electrode pair for both the agonist and antagonist muscles. The EMG waveforms
from these studies are therefore derived from a small portion of a large muscle or a
large portion of a relatively small non-radiate muscle, such as the biceps brachii, but
never from the entire breadth of a large radiate muscle using multiple electrodes. If
an agonist/prime mover muscle were to be considered functionally homogenous it
would be expected that the same two non continuous burst pattern with a silent
period in the middle (Agl and Ag2; see literature review (Angel, 1975)) be apparent
across the breadth ofthe muscle. If only some segments ofthe agonist, the prime
mover segments for example, are displaying two bursts or there are differences in the
temporal or intensity values ofthe two bursts then this is indicative of differing
control strategies or feedback between segments and hence functional differentiation
is apparent. The same would apply to antagonist muscles that have typically
displayed a one burst pattern (Angel, 1975). Therefore, it seems justified to analyse
the morphology ofthe triphasic EMG burst pattern to provide a further means of
identifying functional differentiation. If differing agonist and antagonist waveforms
do become apparent from the multiple agonist and antagonist electrode sites then
movement control expressed in terms of whole muscle activation patterns is clearly
misleading and not totally accurate.

The aims ofthe present experiment are therefore to:

• Quantify the amount of functional differentiation within segments of three
shoulder joint muscles and determine their functional roles during the
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performance of fast dynamic tasks ofthe shoulder joint. The unperturbed
adduction and extension tasks will be primarily utilised for this aim by
determining the amount of temporal and intensity EMG differences between
segments

Establish how changing movement direction influences segmental activation
patterns and their functional roles during dynamic tasks. Temporal and intensity
comparisons between the same segment during the unperturbed adduction and
extension task will fulfil this aim.

Determine whether the classical triphasic three-burst pattern is applicable for
describing the activation patterns from all segments of three large radiate
muscles. This aim will be fulfilled by analysing the burst morphology of each
segment to determine if each agonist and antagonist segment exhibit typical
EMG patterns as predicted by previous literature (Angel, 1981) on the triphasic
EMG burst pattern.

To determine whether the Equilibrium Point Hypothesis (lambda version)
(Latash, 1992; Latash, 1998; Latash & Goodman, 1994; Latash & Gottlieb,
1991a; Latash & Gottlieb, 1991b) can account for the activation patterns of all
segments within multisegmental muscles. This aim will be fulfilled by
comparing the EMG waveforms during the perturbed (loaded, unloaded and
expectedly unloaded) trials against the activation patterns of segments in the
unperturbed adduction trials.
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Methods
Subjects
Sixteen neurologically healthy male volunteers, with no previous history of shoulder
injuries, participated in this experiment. The subject's ages ranged between 18 and
30 years (mean age 22 ± 3.1yrs) with anthropometric characteristics indicating
predominantly lean muscular physiques with bodyfat levels below 16 percent
(Durnin & Womersley, 1974).

Protocol
The overall summary ofthe experimental protocol, which was similar to that
described in Chapter 4, was as follows. Subjects performed a series of dynamic
shoulder joint adduction and extension tasks against the resistance of a free weight
pulley and cable apparatus (Figure 5.1) whilst seated upright in an experimental
chair. During some ofthe adduction tasks the resistance was unexpectedly increased
(loaded), unexpectedly decreased (unloaded), or decreased with the subjects prior
knowledge (expectedly unloaded). The remaining bulk ofthe adduction trials that
were not disrupted were termed the unperturbed adduction task. Movement
kinematics and surface EMG data were obtained from each subject with testing
sessions being approximately 2-3 hours in duration. The specifics ofthe
experimental protocol, which differed from the second experiment, will now be
outlined.

With electrodes attached (see Chapter 4), subjects were seated with their upper limb
abducted to 90° in the coronal plane with their forearm resting on a triangular
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Figure 5.1. The experimental setup of the third experiment.

padded cable handle situated 50 cm distal to the elbow joint (Figure 5.1). This
positioning helped alleviate excessive valgus forces that would have been felt at the
elbow joint had the cable handle been grasped in the palm of the hand. The
experimental set-up, illustrated in Figure 5.1, depicts the subject seated in the start
position for the adduction tasks (90° shoulder joint abduction) with the cable handle
resting against the manufactured armrest. No muscular activity was necessary to
maintain this abducted position. This was verified by baseline EMG data from all
segments at rest. The angular distance of the movements was kept constant in all
three series (see below) of movements, being equal to 40°, with the starting point at
90° of upper limb abduction.
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The subjects completed three series of trials in which they were instructed to m o v e
40° with the aid of feedback from a storage oscilloscope. These movements were
either shoulder joint adduction (start position at 90° of shoulder joint abduction) or

extension (start position at 90° of shoulder joint flexion). The three series of trials i
order of performance consisted ofthe following:

• Series 1 - the loaded, unloaded and the unperturbed adduction dynamic
tasks which were randomly mixed together (N = 30 recorded trials).

• Series 2 - the expectedly unloaded adduction dynamic task (N = 10
recorded trials), and,

• Series 3 - the extension dynamic task (N = 10 recorded trials).

The unperturbed adduction (part ofthe first series) and extension (third series)
dynamic tasks formed the major part ofthe analysis that focused on functional
differentiation within the one dynamic task and also between dynamic tasks (first
and second aims ofthe experiment). These dynamic tasks were also used to validate
whether the basic triphasic EMG burst pattern was sufficient to describe the EMG
waveforms from the entire breadth ofthe three multisegmental muscles (third aim of
the experiment). The unexpectedly loaded, unloaded and expectedly unloaded
dynamic tasks, in addition to functional differentiation analyses, were used to test the
equilibrium point hypothesis (lambda version) as described by Latash (Latash, 1992;
Latash, 1998; Latash & Goodman, 1994; Latash & Gottlieb, 1991a; Latash &
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Gottlieb, 1991b) in relation to its applicability for multisegmental muscle function
(final aim ofthe experiment).

Prior to each series, subjects were given 30 practice trials during which they were
encouraged to move "as fast and accurately as possible" over the 40° angular
movement distance. Prior to the first and third series of trials the subjects practiced
with the normal (medium; see following equipment section) load without external
weight changes, whilst prior to the second series of trials the subjects practiced
against the known lighter load.

In all three series of trials the subjects were instructed to move from their initial arm
position to the final arm position according to the storage oscilloscope; an angular
distance constituting 40° of shoulder joint adduction or extension. This was to be
performed approximately 1000 ms after a verbal trigger signal. The subjects were
then to hold the final position for a further 500 ms and then return the load slowly to
the initial position and wait for the next signal.

Series 1 consisted of approximately 150 total trials of which 30 were randomly
recorded*; 10 each for the three dynamic tasks. The first trial was always
unperturbed (no unexpected load change) with the loadings (unexpectedly increased
load) and unloadings (unexpectedly decreased load) presented in random order.
Each recorded loaded and unloaded trial was always preceded by at least four
unperturbed trials to ensure that the subjects were always accustomed to that weight

' In the recorded trials the final arm position needed to be within ± 3° of desired final position.
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(medium weight) before they were presented with the unexpected load change.
Specific signals (number of fingers on the computer mouse) and discrete tightening
or loosening ofthe load adjustments (which were out ofthe subjects' vision) took
place between the experimenter controlling the computer and the other experimenter
controlling the unexpected weight changes. This ensured that subjects did not know
on which trial the weight would be perturbed. During Series 1 trials, subjects were
also encouraged to "move as fast and accurately as possible no matter what happens"
hence subjects were not told initially, although they may have suspected, that there
would be unexpected weight changes. Intertrial intervals were approximately 10
seconds in duration with intervals between series being approximately 10 minutes.

Equipment
A series of pulleys and cables loaded with free weights provided the variable
external resistance (Figure 5.2). Three loads were utilised during this experiment; a
heavy load (14.5 kg) a medium load (9.2 kg) and a light load (5.8 kg), with these
figures being derived solely from the free weights utilised. The amount of weight
used for the light load was just heavy enough to support a relaxed arm, whilst the
heavy load was the heaviest weight that could still be moved relatively fast (< 400
ms; load based on preliminary pilot data). The medium load was hence the
approximate intermediate of these two loads calculated on a percentage basis.

Two ofthe weight plates utilised (Figure 5.2; bottom photograph) had one 10 mm
tapped hole through their diameter which enabled the "load adjustments" to be
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Figure 5.2. Equipment used in the experimental setup. Three photographs are shown in series to
provide a somewhat segmented single image. The top photograph depicts the most superior pulley
and the electrogoniometer with a smaller v-pulley fitted on its shaft through which ran the yacht cable.
The middle photograph, being immediately inferior to the top picture, depicts the armrest and cable
handle. The subjects' forearm was positioned in this triangular cable handle just distal to the elbow
joint. The bottom photograph, being again somewhat inferior to the middle picture, depicts the three
loads utilised (light, medium and heavy) during the experiment. The experimenters during the trials
could unexpectedly change these loads by tightening or loosening the modified grub screws (load
adjustments). The light load (darker weights) was permanently attached and hence not manipulated
during trials.
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tightened (attached) or loosened (unattached) on a 20 m m round bar which passed
through the weight plates internal diameter and was secured to the rope cable
superiorly (Figure 5.2). This round bar slid within a 700 mm long pipe which was

attached vertically to the floor via a metal bracket and had an internal diameter of 22
mm. This sleeving allowed for relatively smooth raising and lowering ofthe weights
via the pulley and cable arrangement whilst the load adjustments made it very easy
(via a simple twist to tighten or loosen a weight plate on the sliding round bar) to
change the load without the subject's prior knowledge.

A digital computer recorded joint angle and muscle EMG's at a sample rate of 2000
Hz over a recording period of 2000 ms. Shoulder joint angle was measured by a 10
turn, 20 K electrogoniometer with its shaft attached through the centre of a V pulley
(Figure 5.2, top photograph). The V pulley was positioned so as the 4 mm yacht
cable rope (breaking strain 300 kg) rested within the pulley groove enabling the
electrogoniometer to detect any movement ofthe arm (Figure 5.2). Velocity and
acceleration were measured offline by double differentiation ofthe
electrogoniometer trace. This was made possible with prior experimentation
utilising a Cathode Ray Oscilloscope, custom arthrodial protractor and the
electrogoniometer, which found that 1°, was equal to 44 millivolts.

Electrode Sites
Electromyographic activity from the six sites of pectoralis major, all sites ofthe
latissimus dorsi except L4, and segments Dl, D3, D5 and D7 ofthe deltoid were
utilised for recording purposes (see Chapter 3 for review of electrode sites). The
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availability of only 16 recording channels (15 E M G ' s and one for the
electrogoniometer) negated the recording of all segments. The peripheral segments
of each muscle were always included and it was decided that recording from only 4
segments ofthe deltoid would be more than adequate. Segment L4 was the chosen
segment for exclusion along with D2, D4 and D6 also excluded due to the above
mentioned equipment limitations*.

EMG Analysis
Raw EMG signals, representing muscle activity from the five dynamic tasks, were

rectified and low-pass filtered (fifth order Butterworth filter) at 20 Hz to allow for
temporal variables (segment onset, peak and offset) to be identified. These temporal
variables were determined by visual inspection and with the aid of a threshold
detector set at 10% of maximum amplitude. The onset ofthe electrogoniometer
trace was also taken to be at 10% ofthe maximum amplitude. The analysis of these

temporal variables thus enabled the detection of differences in the activation pattern
(eg, onset and amplitude) of each segment.

The shapes ofthe EMG bursts representing the activation of each segment were
categorised in this experiment. From preliminary data it was envisaged that four
types of EMG waveforms would become apparent (Figure 5.3). These hypothesised
types of agonist and antagonist EMG waveforms were as follows:

* A s it was expected that all segments would be active during the fast adduction and extension
movements, recording from all segments was not possible. It was initially decided to include as many
agonist segments as possible with L 4 excluded for no particular reason besides equipment limitations.
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1.
< 250 ms

O n e Burst

One Continuous Burst

two bursts

two bursts

/

\

somewhat silent period > 1 0 % of peak intensity

T w o Continuous Bursts

/

\

Silent period < 1 0 % of peak intensity

T w o Non-Continuous Bursts

Figure 5.3. A schematic representation ofthe predicted four types of E M G burst patterns
incorporating both agonist and antagonist segments. See text for details
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• One burst pattern.
• One continuous burst pattern.
• Two continuous burst pattern.
• Two non-continuous burst pattern.

A summary ofthe hypothesised temporal activation patterns for the four types of
EMG bursts to be analysed is categorised below in Table 5.1.

O n e Continuous Burst Pattern

= >250 m s in duration

= T w o bursts joined (no silent period)

Two Non-continuous Burst Pattern = Two bursts separated (silent period)

Table 5.1. EMG burst categorisation.

The differentiation between a one-burst pattern and a one-continuous burst pattern of
EMG activity will be considered to be a duration, which represents the majority of
the movement time (250 ms). This is in accordance to earlier research (Berardelli,
1984) which found that fast ballistic movements (similar in degrees to our
experiments) result in EMG bursts of less than 250ms in duration. For example,
EMG burst duration's less than 250 ms will be considered as being one-burst, and
EMG burst duration's >250 ms being considered as one-continuous burst*. The

* Preliminary trials indicated one burst patterns to be between 200 and 250 ms.
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differentiation between a one-continuous and a two-continuous burst pattern was by
visual inspection with any indication of two bursts being given a two-continuous
burst criterion. For segments EMG to be considered two-non-continuous bursts the
amplitude within the silent period between the two bursts had to be below 10% of
the peak intensity (Figure 5.3). The classification between two-continuous and two
non-continuous bursts was considered valid as agonist segments typically display a
relative silent period between the first (Agl) and second (Ag2) bursts (Angel, 1981).
When a segment displayed a two-burst pattern, the onset and offset of each burst
were determined whilst only the largest peak amplitude, in whichever burst it
appeared, was stored. Segments were also integrated (IEMG) utilising the average
discharge rate of 1 ms intervals (time reset method) within the duration of each
segmental burst period thus enabling the integration process to be independent of
segmental burst duration. The segmental EMG bursts from within each trial were
categorised using both the raw and the linear envelope signal. The existence of
significantly (p<0.05) different types of EMG waveforms between segments
(according to the previously mentioned criteria) was taken to be suggestive of
functional differentiation within the muscle. Thus any significantly (p<0.05)
different EMG waveforms (burst morphology; the triphasic EMG burst pattern
examined) or basic temporal variables such as onset, peak, duration and offset,
provided the basis of determining the amount of functional differentiation present
between segments.
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Statistics
A s per the second experiment, temporal and intensity variables representing the
activation of individual segments were transferred to a spreadsheet package
(Microsoft Excel © ) . Here formulas were applied to normalise the data and to
provide the dependent variables to be used for statistical analysis purposes. These
dependent variables, and their accompanying formulas, were as follows:

• Segment Onset (EMG onset)- the segment onset minus the movement onset
( 1 0 % amplitude ofthe electrogoniometer trace) to provide a figure in m s
before (-) or after (4-) the beginning ofthe movement onset (Figure 5.4,
diagram 1).

• Segment Duration (duration)- segment off minus the segment onset (Figure
5.4, diagram 1).
• Segment Peak Intensity (peak intensity)- temporally expressed (ms) relative
to Peak Velocity, Peak Acceleration and Peak Deceleration (Figure 5.4,
diagram 2). For example:
Segment Peak Intensity - Peak Velocity
Segment Peak Intensity - Peak Acceleration
Segment Peak Intensity - Peak Deceleration
Negative values indicated that the segment's peak intensity occurred before
the kinematic variable.

• First Burst Normalised Contraction Intensity - determined by summing the
average discharge rates of all segment electrode sites within each ofthe three
muscles and then dividing each individual segment electrode site into that
totalfigureand multiplying by 100 for a normalised percentage contribution
to whole muscle amplitude (Figure 5.4, diagram 3). For example;firstBurst
n I E M G (%) = ( I E M G of segment / totlEMG of muscle) * 100.

Muscles within Muscles

©

First burst
Second burst

~"WWf|V—
A g 2 / A g l * 100 = A g 2
Figure 5.4. Schematic illustrations ofthe dependent variables analysed. Diagram O n e
illustrates temporal variables. Diagram T w o illustrates the method of determining where
the peak intensity occurred relative to three key kinematic variables. The second zero
crossing ofthe acceleration trace represented the end of movement time. Diagram Three
represents the method that was used for the intensity measure for each segment, whilst
Diagram Four represents the method used to calculate the intensity ofthe A g 2 E M G burst.
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•

Second Burst (Ag2) Normalised Contraction Intensity - expressed as a
percentage of A g l by dividing A g 2 average discharge rate into thefirstburst
average discharge rate and multiplying by 100 (Figure 5.4, diagram 4). For
example; A g 2 I E M G = A g 2 I E M G / Agl I E M G * 100. Values larger than
100 indicating that A g 2 was of greater amplitude than Agl

• Burst Categorisation - expressed as a percentage value ofthe number of
times that particular burst type appeared in the series of 10 trials for each
dynamic task (Table 5.1).

The segment means of these dependent variables within the 16 subjects for each of
thefivedynamic tasks were then transferred to a statistical package (Sigma Stat)
where T w o - W a y Repeated Measures A N O V A ' s were performed between selected
dynamic tasks. The two independent variables included segment and type of
movement. A Student-Newman-Keuls test was used for post-hoc comparisons of
significant (p<0.05) differences.
The comparisons included:

• Unperturbed Adduction vs Extension (onset).
•

Unperturbed Adduction vs Extension (duration).

•

Unperturbed Adduction vs Extension (peak intensity).

•

Unperturbed Adduction vs Extension (1st burst intensity).

•

Unperturbed Adduction vs Extension (2nd burst intensity).

•

Unperturbed Adduction vs Extension (burst categorisation).

These analyses were performed on a descriptive basis to primarily identify functional
differentiation in the unperturbed adduction and extension dynamic tasks.
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Linear regression analyses were also done to determine the relationship between a
segments onset time (Y) and its anatomical location (X; expressed as a whole
number) to show any trends that were apparent within the EMG data. To make the
regression analysis possible whole numbers were used to represent each segment due
to the relatively equidistances (equal spaces between electrode sites) that were
apparent between segments (Table 3.1). That this was not a perfect measuring
system is realised, but with the use of whole numbers, the approximate equidistances
between segments and clear relationships between X and Y values, the regression
analyses seemed valid. Additionally, Fast Fourier Transforms, producing median
frequency values for EMG waveforms, were also performed on five subjects from an
initial and final block of trials in all dynamic tasks and on both prime mover,
synergist and antagonist segments to assess any signs of muscular fatigue. The Fast
Fourier Transform, producing median frequency values, has been commonly used to
assess muscular fatigue in research designed experiments (Basmajian, 1985).

A second series of analyses focused on the adduction movements; primarily on
comparing the loaded, unloaded and the expectedly unloaded dynamic tasks to the
unperturbed adduction dynamic task. In these analyses the extension trials were not
analysed. The use of expected and unexpected loads in the experimental protocol
enabled the testing ofthe applicability ofthe Equilibrium Point Model (Latash,
1994), to account for the EMG waveforms from segments of a muscle; an analysis
that, to the author's knowledge, has not been attempted. The major dependent
variable, which could be measured to assist this analysis, was the antagonist latency.
This measure, which was previously utilised (Latash, 1994) to test the applicability
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of certain motor control theories,* (Feldman, 1986; Gottlieb et al., 1989b; Latash,
1994) predicted no change in antagonist latency with unexpected load changes (see
Literature Review for these motor control theories). This necessitated that the
subject used the same central c o m m a n d to m o v e the weight used in the unperturbed
adduction dynamic task; the results were applied for whole antagonist muscle
function.

This series of analyses thus fulfilled the final aim of this experiment (see
introduction to this chapter).

To fulfil this aim, the dependent variables utilised and their accompanying formulas
were as follows:

• Antagonist Segment Latency - expressed as the time period (ms) between
the E M G onset ofthe prime mover segment* and the onset ofthe
particular antagonist segment (Figure 5.5).
•

Agonist and Antagonist Segment Intensity - expressed as a percentage of
the unperturbed adduction dynamic task. For example;

IEMG loaded / IEMG unperturbed * 100
I E M G unloaded / I E M G unperturbed * 100
I E M G expectedly unloaded / I E M G unperturbed * 100

Values over 100% indicating higher myoelectric intensities than the same
segment during the unperturbed adduction dynamic task.

' Limited electrode pairs for agonist (Biceps Brachii) and antagonists (Triceps Brachii) were used.
'As multiple prime mover segments were apparent, the earliest activated (not necessarily significantly
(p<0.05) earlier) of these prime mover segments was selected.
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These dependent variable segment means for each subject and dynamic task of this
second part ofthe analysis were again transferred to a statistical package (Sigma
Stat) where O n e - W a y Repeated Measures A N O V A ' s were performed between
selected dynamic tasks. A Student-Newman-Keuls test was used for post-hoc
comparisons of significant (p<0.05) differences. These comparisons included:

• Unperturbed vs each of loaded, unloaded and expectedly unloaded
dynamic tasks (antagonist latency, only deltoid segments analysed).
•

Unperturbed vs each of loaded, unloaded and expectedly unloaded
dynamic tasks (agonist and antagonist intensity).

In common with the first series of analyses, a descriptive analysis of onset, duration
and intensity dependent variables was also performed to determine if the same
patterns of functional differentiation were apparent as revealed in the unperturbed
adduction and extension dynamic tasks.
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Figure 5.5. A schematic illustration ofthe method for determining the antagonist ( A N T )
segment latency which was expressed as the time period between the E M G onset ofthe
prime mover ( P M ) segment and the onset ofthe particular antagonist segment. The black
circles depict the onset times with standard error bars also included. T w o antagonist and
synergist ( S Y N ) segments have been depicted for completeness and understanding. The
dotted line would represent the beginning ofthe movement (0 ms). Arbitrary values have
been used.
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Results
Overall summaries ofthe results for the dynamic unperturbed adduction and
extension dynamic tasks are displayed below in Table 5.2. This table depicts the
functional roles adopted by segments during these dynamic tasks. The criterion for
determining significant (p<0.05) differences in functional roles adopted by

Movements

Adduction

Prime Movers

Primary

Secondary

Antagonists

Antagonists

D3

D1,D5

Synergists

L2, L3, L5, L6

Ll,

P5,P6

P1,P2,P3,P4
D7

Extension

L2, L3, L5, L6
P5,P6

Ll

PI

P3,P4

D1,D3

P2

D5,D7
Table 5.2. A comparison ofthe functional roles adopted by each segment during the
unperturbed adduction and extension dynamic tasks. Note that the functional roles relate to
the particular movement and not for each individual muscle for simplicity reasons.

segments, in each ofthe above dynamic tasks (Table 5.2), and also the number of
independent segments (see discussion in this chapter), has been explained in the
previous chapter. Note that the functional roles of segments have been extended to
include two types of antagonists (primary and secondary) due to significant (p<0.05)
differences between antagonist segments. A late activation, predominant one burst
pattern and high myoelectric amplitudes were used to characterise a primary
antagonist segment, whilst an earlier activation, less predominant one burst pattern
and lower myoelectric amplitudes were used to characterise a secondary antagonist
segment.
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A s done in the previous chapter, thefirstsection ofthe results will initially focus on
one dynamic task, the unperturbed adduction dynamic task, to illustrate any
functional differentiation that was apparent in this dynamic task. Although
functional differentiation within individual muscles was also apparent in the
remaining four dynamic tasks the analysis ofthe unperturbed adduction dynamic
task will minimise possible confusion and will be more than adequate to illustrate
functional differentiation. The remaining dynamic tasks will be covered in more
detail in subsequent sections ofthe results.

Section A: Evidence of Functional Differentiation during the
Unperturbed A d d u c t i o n D y n a m i c T a s k
Burst

Morphology

In addition to the analysis of basic temporal and intensity variables (onset, peak,
offset, etc) the dynamic tasks also enabled the morphology of each segmental E M G
burst to be further scrutinised in regard to whether a particular segment displayed a
type of single or multiple E M G burst pattern. Thus, the E M G 'burst morphology'
was used as an additional criterion to identify functional differentiation within the
three muscles. The E M G morphology analysis revealed four types of E M G bursts
(Figure 5.6) as predicted and schematically outlined in the methods section. The
four types included:
•

One burst patterns.

•

One continuous burst patterns.

•

T w o continuous burst patterns.

•

T w o non-continuous burst patterns.
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One Burst

One Continuous Burst

iW|4**^

u—^(^g(^^+«-.

T w o Continuous Bursts

w o Non-Continuous Bursts
Scale (ms)

200

400

600

Figure 5.6. Representative E M G burst pattern types for the unperturbed adduction dynamic
task. Four different types of bursts were identified (see methods). A O n e Burst criterion
was characteristic of D 3 whilst a T w o Non-continuous Burst criterion was characteristic of
L6. Representative E M G data from various subjects.
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Temporal

Analysis

Figure 5.7 gives an overall impression of segmental activation during the
unperturbed adduction dynamic task showing that all segments from all muscles
tested were activated (>10% MVC). A trend was apparent where the lowermost
segments (L6 and P6) ofthe latissimus dorsi and the pectoralis major were activated
first with the wave of myoelectric activity spreading superiorly to sequentially
activate the more superior segments of these muscles. The middle segment ofthe
deltoid (D3) was the last to be activated.

Functional Roles
The burst morphology patterns and segment onset times provided the majority ofthe
significant (p<0.05) differences apparent between segments. These two criteria
hence contributed predominantly in identifying the amount of functional
differentiation within each muscle (see discussion in this chapter) and also the
functional role of segments (prime mover, synergist and antagonist segments) within
each movement (Table 5.2). Other duration and intensity variables, as outlined in
the methods, were also used to identify the functional roles of segments but the
majority of functional differentiation as stated was apparent in the onset and EMG
burst type and hence this will form the bulk ofthe results.

For a general overview ofthe data, a representative raw EMG trace from a single
trial during the unperturbed adduction dynamic task is illustrated in Figure 5.8.
More specific data with reference to each individual muscle will now be described.
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Figure 5.7. Onset times (ms) for segments during the unperturbed adduction dynamic task.
Segments activated before the onset ofthe force (0 ms to the left) are given negative values
with segments activated after the force record (0 ms to theright)given positive values.
Segments have been graphed according to anatomy starting anteriorlyfromthe lowermost
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and posteriorly, meeting at the D3 segment. Standard error bars are shown with this graph
representing grand mean datafrom16 subjects.
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Figure 5.8. R a w E M G traces for a single trial from one subject during the unperturbed
adduction dynamic task. Selected segments have been expanded (right side) to emphasise
the four different types of EMG burst patterns, which were the most commonly seen from
these selected segments.
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Pectoralis Major
Burst Morphology
For the pectoralis major during the unperturbed adduction dynamic task, a trend was
apparent where a two non-continuous EMG burst pattern was characteristic ofthe
lower segments (P5 and P6 at over 80%) of this muscle (Figure 5.9 and Table 5.3).

PI
P2
P3
P4
P5
P6

Burst (%)

T w o Continuous
Bursts (%)

T w o Non-continuous
Bursts (%)

39.4*

10

4.4

46.3-

(33.2)

(16.3)

mm)

47.1*

10.2

0

42.5«

(38.7)

(20.3)

"(0)

(38.2)

32.6

0

2.5

64.7

(29.3)

(0)

(6.8)

(28)

29.5

0

2.5

67.3

(30.2)

(0)

(6.8)

(32.8)

13.6

o

2.5

83.4

O n e Burst

O n e Continuous

(%)

^ (35.3)

(12.6)

; (o)

(6.8)

(14.5)

8

- 2.5

4.1

85.3

(7.5)

(14.1)

(9.8)

(4.5)

Table 5.3. Pectoralis major E M G burst categorisation for the unperturbed adduction
dynamic task. A (•) is used to indicate significant (p<0.05) differences to that particular
segment and P6 in that column. Standard deviations are in brackets. Grand mean data from
16 subjects.

Significant (p<0.05) differences were apparent between the upper segments of this
muscle (a lower percentage of a two non-continuous burst type) and P6 (Table 5.3).
The EMG waveform analysis was also extended to the burst morphology ofthe
second EMG burst (Ag2) in regard to any significant (p<0.05) differences between
segments in the intensity of Ag2 relative to the first EMG burst (Agl). Ag2 was

222

Muscles within Muscles

Figure 5.9. A schematic diagram illustrating the predominant type of E M G burst that was
apparent for that particular segment during the unperturbed adduction dynamic task. Note
that all segments except P 2 predominantly displayed a two non-continuous burst pattern
with a gradual decrease in this two non-continuous burst pattern from P6 to PI. See Table
5.3 for more quantitative measures. Grand mean data from 16 subjects.
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therefore expressed as a percentage of A g l , with values over 100 percent indicating
that the myoelectric intensity of Ag2 was larger than Agl (see methods for further
explanation). No significant differences were found between segments ofthe
pectoralis major with the grand mean average for all segments collectively being
approximately half (45 percent) the intensity of Agl (Table 5.4).

PI

P2

P3

P4

P5

P6

.61.4%

46.1%

35.8%

37.6%

39.9%

48.9%

(20.1)

(13.7) .

(10.3)

(10.8)

(12.1)

(19.8)

Table 5.4. A g 2 intensity percentage relative to Agl (Ag2/Agl * 100). Standard deviations
are in brackets. Grand mean data from 16 subjects.

Temporal Analysis
In addition to the predominant two non-continuous burst pattern evident in the lower
sternal segments (particularly P5 and P6), these segments also displayed the earliest
onset's for the pectoralis major with a trend apparent where segments were activated
somewhat sequentially from P6-P1 (Figure 5.7). This trend is further illustrated by a
linear regression analysis in which segment onset times were plotted against their
anatomical location on the thorax. The regression analysis revealed a linear
relationship (R2 = .94) between a segments anatomical location and its
corresponding onset time (Figure 5.10). Although no significant differences were
found in the onset times of pectoralis major segments, the coordinated sequential
activation of segments, as illustrated by the linear regression in Figure 5.10, seems
indicative of functional differentiation within segments ofthe pectoralis major.
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Figure 5.10. Linear Regression analysis of pectoralis major segment onset times during the
unperturbed adduction dynamic task. Grand mean data from 16 subjects was used for the
regression line with whole numbers used to represent each anatomical segment location
(see methods).
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Further quantitative measures of pectoralis major segment function, such as duration
and the intensity of Agl, and also the onset times, are illustrated below in Table 5.5.
This table shows no significant differences in the onset, duration or intensity of Agl
for pectoralis major segments during the unperturbed adduction dynamic task.

Onset (ms)
PI
P2
P3
P4
P5
P6

-88

Duration (ms)

Intensity (%)

178

12.8

C491

(f>A\

-87

163

15.8

(17)

(62)

(5.5)

-96

150

22.2

3(20)

(38)

(10.1)

-104

161

20.1

(21)

(32)

(3.9)

-116

176

16.0

(22)

(35)

(6.2)

-118

185.

13.2

(20)

(33)

(6.1)

Table 5.5. The onset (ms), duration (ms) and intensity (%) of Agl during the unperturbed
adduction dynamic task. The segmental intensity of Agl is expressed as a percentage ofthe
total amplitude of that particular muscle (see methods for details). N o significant
differences were found. Standard deviations are in brackets. Grand mean data from 16
subjects.

Other temporal analyses attempted to determine if any temporal relationship w a s
apparent between a segment's peak EMG intensity and the kinematic variables of
peak acceleration, peak deceleration and peak velocity (Table 5.6). Negative values
indicated that the particular segment's peak intensity was before the kinematic
variable. No significant differences were found in comparisons to segment P6
during these adduction trials for all three kinematic variables analysed. A graphic
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illustration of these variables in relation to a raw E M G and movement trace is
displayed in Figure 5.11.

Peak Intensity -

Peak Intensity - Peak

Peak Intensity -

Peak Angular

Angular Acceleration

Peak Angular

-79

20

-181

(31)

(28)

(35)

-92

9

-195

: (32)

(35)

(31)

-113

-13

-215

(13)

(14)

(17)

-112

-12

-214

(22)

(21)

(26)

-120

-19

(25)

(20)

-222
(3D

-101

-8

-203

(29)

(26)

(33)

PI
P2
P3
P4
P5
P6

|

Table 5.6. Temporal relationships of segments peak intensity to three key kinematic
variables for the unperturbed adduction dynamic task. Data is expressed in milliseconds.
Standard deviations are in brackets. Grand mean data from 16 subjects.

Functional Roles
The functional roles of pectoralis major segments during the unperturbed adduction
dynamic task are depicted in Table 5.7. Segments P5 and P6, with early onset's and
a high percentage of a two non-continuous burst pattern, were labelled as prime
movers as these segments displayed no significant differences to the remaining
prime mover latissimus dorsi segments. Segments P1-P4 were labelled as synergists
for the unperturbed adduction dynamic task as these segments displayed a
significantly (p<0.05) later onset time (PI and P2) or a lower percentage of a two
non-continuous burst type (P1-P4) in comparison to at least one ofthe prime mover

Muscles within Muscles

Figure 5.11. R a w E M G (L6), angular displacement (electrogoniometer), angular velocity
and angular acceleration traces of an unperturbed adduction trial for one subject. The
dashed line in the angular displacement trace represents the movement onset, which was
pinpointed by a threshold detector set at 1 0 % of m a x i m u m voltage. All traces are
temporally aligned to the start of data collection at 0 m s .
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Movement

Prime Movers

Adduction

Primary

Secondary

Antagonists

Antagonists

D3

D1,D5

Synergists

L2, L3, L5, L6

Ll,

P5,P6

PI, P2, P3, P4
D7

Table 5.7. A comparison ofthe functional roles adopted by each segment during the
unperturbed adduction dynamic task. Repeated datafromTable 5.2.

segments; in this case, L6. A s indicated earlier, a high percentage of a two noncontinuous EMG burst type was taken to be indicative of prime mover segment
function as it is predominantly exhibited by agonist (prime mover) muscles during
fast dynamic movements (Angel, 1975; Angel, 1977; Angel, 1981).

Ixtitssunus Dorsi
Burst Morphology

For the latissimus dorsi a similar pattern to the pectoralis major was apparent where
a two non-continuous EMG burst pattern was predominantly (>90 percent) exhibited
from the lower segments (L3, L5, L6) of this muscle (Table 5.8 and Figure 5.12).
Table 5.8 depicts significant (p<0.05) differences in a two continuous and two noncontinuous burst pattern between the upper segment Ll in comparison to L6.
Segment Ll exhibited a lower percentage of a two non-continuous burst type and a
higher percentage of a two continuous burst pattern in comparison to L6; this
signifying functional differentiation. Significant (p<0.05) differences between the
remaining segments and L6 were not apparent.
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One Burst

Ll
L2
L3
L5
L6

(%)

One Continuous
Burst (%)

Two Continuous
Bursts (%)

Two Non-continuous
Bursts (%)

3.2

10.9

34.9*

50.9 •

(4)

(16.1)

(26.7)

(26.6)

2.7

6.9

11.2

79.9

(4.6)

(10.8)

(21.2)

(26)

10.4

0

.5

90.1

(16.3)

(0)

(2.5)

(16.3)

6.9

0

1.3

92

(10.8)

(0)

(5)

(11.1)

4.1

0

0

97.5

(10.2)

(0)

(0)

(6.8)

Table 5.8. E M G burst categorisation table delineating quantitatively the type of E M G burst
most representative for that segment during the unperturbed adduction dynamic task. A (•)
is used to indicate significant 0?<0.05) differences between that segment and L6. Standard
deviations are in brackets. Grand mean data from 16 subjects (ten trials per subject). See
text for further selected differences.

In regard to the morphology of A g 2 , no significant differences in its intensity were
apparent when compared to L6 (Table 5.9).

Ll

L2

L3

L5

L6

71.5%

62.5%

44.1%

50.8%

65.6%

(16.7)

(19.5)

(24.5)

(24.5)

(32.7)

Table 5.9. A g 2 intensity percentage relative to Agl (Ag2/Agl * 100). Standard deviations
are in brackets. Grand mean data from 16 subjects.

T e m p o r a l Analysis
A trend was apparent for segmental onsets to be activated sequentially from L6 to Ll
(Figure 5.7). This trend is further illustrated by a linear regression analysis, similar
to the pectoralis major, in which segment onset times were plotted against their
anatomical location (Figure 5.13). The regression analysis also included segment
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50.9%

79.9%

90.1%

92%

97.5%

Figure 5 12 A schematic diagram illustrating the predominant type of E M G burst that was
apparent for that particular segment. Note that all segments predominantly displayed a two
non-continuous burst pattern with a gradual decrease in this two non-continuous burst
pattern from L 6 to Ll. See Table 5.8 for more quantitative measures. Grand m e a n data
from 16 subjects.
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Segment v Onset
Best Fit

•
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-140 -

Onset = -146.3 + (9.14 *segment)
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/
1

1

1

1

L6

L5

L3

1

i

1

L2

Ll

D7

Segment

Figure 5 13 Linear Regression analysis of latissimus dorsi segment onset times during the
unperturbed adduction dynamic task. Grand mean data from 16 subjects was used for the
regression line with whole numbers used to represent each anatomical segment location
(see methods). See text for D 7 inclusion.
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D 7 ; being directly anatomically superior to Ll, similarly spaced in comparison to
the other latissimus dorsi segments and seemingly acting like a latissimus dorsi
segment in its onset time (Figure 5.7). An R2 value of .93 described this
relationship. A quantitative analysis of latissimus dorsi onsets, and also duration and
intensity variables, are displayed below in Table 5.10.

Duration (ms)

Intensity (%)

-108

257

12.2*

mi

rsoi

C6 11

-107

216

15.8

(18)

(50)

(5.2)

-120

215

26.1

(17)

(80)

(10.6)

-130

193

21.9

(18)

(27)

(6.9)

-135

201

24.4

(27)

(50)

(6.3)

Onset (ms)

Ll
L2
L3
L5
L6

Table 5.10. The onset (ms), duration (ms) and intensity (%) of Agl during the unperturbed
adduction dynamic task for latissimus dorsi segments. The segmental intensity ofthe initial
E M G burst (final column) is expressed as a percentage ofthe total amplitude of that
particular muscle (see methods for details). A (•) is used to indicate significant (p<0.05)
differences between that segment and L6. Standard deviations are in brackets. Grand mean
data from 16 subjects.

In the analyses attempting to determine the temporal relationship between the time
period of a segment's peak intensity and the kinematic variables of peak angular
acceleration, deceleration and peak angular velocity, only one significant (p<0.05)
difference was apparent between segments (Table 5.11). In comparisons to L6, only
Ll exhibited a significantly (p<0.05) later peak intensity than L6 when compared to
the peak angular acceleration (Table 5.11). Although this was the only significant
(p<0.05) difference noted, there was a trend for the lower segments' peak intensity to
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occur earlier than the m o r e superiorly located segments (L1-L2) w h e n compared to
the three kinematic variables in all trials (Tables 5.11).

Ll
L2
L3
L5
L6

Peak Intensity -

Peak Intensity - Peak

Peak Intensity - Peak

Peak Angular

Angular Acceleration

Angular Deceleration

-25

75*

-127

(79)

(77)

(80)

-53

47

-155

(83)

(79)

(87)

-79

21

-182

(77)

(77)

(76)

-99

0.97

-202

(83)

(82)

(85)

-76

17

-178

(97)

(93)

(103)

Table 5.11. Temporal relationships of a segments peak intensity to three key kinematic
variables for the unperturbed adduction dynamic task. Data expressed in milliseconds. A
(•) is used to indicate significant (p<0.05) differences between that segment and L6.
Standard deviations are in brackets. Grand mean data from 16 subjects.

Functional Roles
With the exception of segment Ll, all latissimus dorsi segments adopted prime
mover roles for the unperturbed adduction dynamic task (Table 5.7) due to their
earlier onset's (Figure 5.7) and high percentages of a two non-continuous burst
pattern (Table 5.8). These segments (L2, L3, L5 and L6) could not be separated as a
group with no significant differences apparent in all variables measured. In contrast,
segment Ll displayed a significantly (p<0.05) larger percentage of a two continuous
burst pattern (Table 5.8) in comparison to all the prime mover segments for the
unperturbed adduction dynamic task and was hence designated a synergistic role.
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Deltoid
Burst Morphology

Ofthe three muscles analysed the deltoid displayed the greater number of significant
(p<0.05) differences in the type of EMG waveform detected within its constituent
segments (Table 5.12 and Figure 5.14).

O n e Burst

O n e Continuous
Burst (%)

T w o Continuous
Bursts (%)

T w o Non-continuous
Bursts (%)

44.9*

23

9.6

21.8*

(42.1)

(31.1)

(16.4)

(35.3)

97.3

2.5

0

0

(10.0)

(104)

(0)

(0)

39.1*

55.1*

.53 :

6.1

(32.5)

(29.0)

(3.1)

4.7*

53.1*

14.7*

(12.6)

(37.0)

(17.8)

(%)

Dl
D3
D5
D7

. (23.4)

''

27.5*
:

(22.7)

Table 5.12. E M G burst categorisation table delineating quantitatively the type of E M G
burst most representative for segments ofthe deltoid during the unperturbed adduction
dynamic task. A (*) is used to indicate significant (p<0.05) differences between that
segment and D3. Standard deviations are in brackets. Grand mean data from 16 subjects.

For example, D 3 exhibited a significantly (p<0.05) larger percentage of a one burst
EMG pattern (97.3% ofthe time) in comparison to all other segments during the
unperturbed adduction dynamic task with Dl at 44.9% being the next highest
percentage of a one burst EMG pattern. A one-continuous burst pattern was
predominantly displayed by D5 and D7 with significantly (p<0.05) higher
percentages displayed when compared to D3 (Table 5.12). Although an analysis of
the intensity for the second EMG burst was performed for the pectoralis major and
the latissimus dorsi, a second EMG burst analysis for deltoid segments was not
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Figure 5.14. A schematic diagram illustrating the predominant type of E M G burst that was
apparent for that particular deltoid segment. The deltoid has been oriented vertically to
coincide somewhat with its anatomy as seen from a lateral view oftherightshoulder. See
Table 5.12 for more quantitative measures. Grand mean data from 16 subjects.

practical due to the predominant one burst or one-continuous burst type apparent
within segments of this muscle.

Temporal Analysis
The onset times for deltoid segments are displayed in Figure 5.7. Ofthe three whole
muscles analysed in this experiment, the deltoid segments were the last to be
activated with significant (p<0.05) temporal delays between the segments of
pectoralis major and latissimus dorsi and the deltoid segments of Dl, D3 and D5
being noted (Figure 5.7). Segment D7 was the earliest activated ofthe deltoid
segments having a significantly (p<0.05) earlier onset than all other deltoid
segments. In contrast, segment D3 was activated significantly (p<0.05) later than all
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other segments during the adduction motion at 40 m s after the beginning ofthe
movement (Figure 5.7). Quantitative measures of deltoid segment onsets and also
the duration and intensity of deltoid segment activations are depicted in Table 5.13.

Onset (ms)
-23*

Dl

Duration (ms)
3;

Intensity (%)
8.3*

205

/6 s\

<R41
:

D3

40

177

45.4

(27)

(41)

(83)

277*

24.7*

D5
' '3

D7

(51)
-§•6*

•<«5)
390*

(32)

(160)

v

:

(8.8)
21.6*
(5.3)

Table 5.13. The onset (ms), duration (ms) and intensity (%) ofthefirstE M G burst during
the unperturbed adduction dynamic task. The segmental intensity ofthe first E M G burst is
expressed as a percentage ofthe total amplitude of that particular muscle (see methods for
details). A (*) is used to indicate significantfr)<0.05)differences between that segment and
D3. Standard deviations are in brackets. Grand mean data from 16 subjects.

Although segments ofthe pectoralis major and the latissimus dorsi were activated
sequentially from inferior to superior (Figure 5.7), no such linear relationships were
found for onset vs the anatomical location of each segment during the unperturbed
adduction dynamic task (Figure 5.15). The linear regression analysis found a
relatively low R2 value of .39 for segment location on the shoulder vs onset time.

The temporal relationship of segment peak intensity to acceleration, velocity and
deceleration peak during the unperturbed adduction task is illustrated in Table 5.14.
This table depicts no significant differences between a segment's peak intensity and
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•

Segment vs Onset
uest rit

40 -

•

20 R 2 = .39

0 -

J! -2015
2

•

-40 -

o
Onset = -84.2 + (24.7 * segment)

-60 -80 •

1 AA

-1UU

I

I

l

I

D7

D5

D3

Dl

Segment

Figure 5.15. Linear Regression analysis of deltoid segment onset times during the
unperturbed adduction dynamic task. Poor linear relationships where apparent between
each deltoid segment location on the shoulder and its onset time; this being in comparison
to the pectoralis major and latissimus dorsi segment regressions (Figures 5.10 and 5.13
respectively). Segment D 7 , although a synergist segment for the adduction motion, was
included in the regression for simplicity and numbers, but it is apparent that the adduction
antagonist segments of D l , D 3 and D 5 similarly would exhibit no linear relationship
between their anatomical locations and onset times. Grand m e a n data from 16 subjects was
used for the regression line with whole numbers used to represent each anatomical segment
location (see methods).
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all three ofthe kinematic variables measured. A s stated previously, negative values
indicate that the segment peak intensity occurred before the kinematic variable and
positive values indicate that the segments peak intensity occurred after the kinematic
variable.

Peak Intensity-

Peak Intensity - Peak

Peak Intensity - Peak

Peak Angular

Angular Acceleration

Angular Deceleration

8

108

-94

Dl
D3
D5
D7

(49)

. (47)

(52)

18

119

-84

(16)

(22).

(12)

18

119

-84

(40)

(42)

(40)

38

139

-64

(102)

(106)

(98)

Table 5.14. Temporal relationships of a segments peak intensity to three key kinematic
variables for the deltoid muscle. Data is expressed in milliseconds. N o significant
differences were apparent. Standard deviations are in brackets. Grand mean data from 16
subjects.

Functional Roles
The functional roles of deltoid segments are indicated in Table 5.7. This table shows
that the segments ofthe deltoid assumed both synergistic (D7) and antagonistic (Dl,
D3 and D5) roles during the adduction motion. This is exemplified, in part, by the
onset times displayed in Figure 5.7. For example, the relatively early onset time of
segment D7 (in comparison to the other deltoid segments) indicated its lack of
involvement as an antagonist segment. The onset time of D7 was found to be
significantly (p<0.05) earlier than D5 thus categorising D7 as a synergist segment
during the unperturbed adduction dynamic task to aid the latissimus dorsi and
pectoralis major segments in producing the initial EMG burst. In contrast, the
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significant (p<0.05) temporal delays between D l , D 3 and D 5 , in comparison to all
other active segments indicated their involvement in the antagonist (Ant) burst
(second part ofthe classical triphasic burst pattern) confirming their antagonistic
roles. Therefore, in comparison to the pectoralis major and the latissimus dorsi,
whose segments functioned as prime movers and synergists, deltoid segments
functioned as synergists, primary antagonists and secondary antagonist segments
(Table 5.7) during the unperturbed adduction dynamic task. The categorisation of
these two types of antagonist segments seemed warranted with the amount of
functional differentiation apparent in the braking ofthe adduction movement
amongst segments Dl, D3 and D5.

Ofthe three antagonist segments, Table 5.7 shows that only segment D3 was
designated as the primary antagonist segment during the unperturbed adduction
dynamic task. This was due to its significantly (p<0.05) later onset, significantly
(p<0.05) higher contraction intensities (Table 5.13), and its total lack of a second
EMG burst. Furthermore, D3 exhibited a significantly larger percentage of a one
burst EMG pattern (97.3% ofthe time) than all other segments during the
unperturbed adduction dynamic task with Dl at 44.9 % being the next highest
percentage of a one burst pattern. A one continuous burst pattern was predominantly
displayed by D5 and D7 with significantly (p<0.05) higher percentages displayed
when compared to D3 (Table 5.12).
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Section B: Modification of Segment Function by Changing
Movement Direction (adduction vs extension)
The second movement direction of extension and the unperturbed adduction
dynamic task were compared to determine the amount of functional differentiation
between segments by changing movement direction (the second aim of this
experiment). A comparison of segmental onset times for both movements is
presented in Figure 5.16. As an overview, this diagram depicts almost identical
activation patterns for the latissimus dorsi segments and the more lower segments
(P6-P3) of pectoralis major for the two movements with a somewhat sequential
activation of these segments from inferior to superior. However, significant
(p<0.05) differences between the two movements become apparent when viewing
the activation ofthe upper segments of pectoralis major (PI and P2), with these
segments now being activated significantly (p<0.05) later in extension to brake this
movement. Note the sequential activation of anatomically adjacent antagonist
segments P2 to D3 in extension compared to the staggered activation pattern of
antagonist segments D5, D3 and Dl in adduction. Other contrasts include the
somewhat sequential activation from L6 to D7 in adduction whereas L6 to D5 were
activated somewhat sequentially in extension with D5 now acting to help initiate the
extension movement in contrast to its braking role in adduction (Figure 5.16). A
contrast ofthe functional roles adopted by each segment during the two movements
is repeatedly displayed in Table 5.15. This table shows that the prime mover
segments remained unchanged between the two movement directions with the major
differences being the differing roles adopted by the upper two pectoralis major
segments (PI and P2). Note that the categorisation of segments into the above
241

Muscles within Muscles

L6-

MM
H^FTI

T 1

11 /\\ L

Irzgrl

L2 -

^

Onset (add)

±

Onset (ext)

1 \*9 1

LlD7-

•
1 1 ifcM

i ^fe A

h#-AH
h^H

h-e-H

D5 -

1 A
1

^

1

1

'

A

i

1

w

1

2 D3 -

1^m

s

A

1

A

0£ Dl ™ PI
P2 --

h*-l

P3 -

P6 -

•

1
I

j

II M i II

HA«-|
H4«H

I

-It
50

1

A
*

h^HAH

P4 P5 -

1
1

IW 1

I

-125 -100

I

I

I

-75

-50

-25

1
0

1

1

25

50

Time (ms)

Figure 5.16. A comparison between segment onset times (ms) during the unperturbed
adduction and extension dynamic tasks. Segments activated before the onset of the force (0
m s to the left) are given negative values with segments activated after the force record (0
m s to the right) given positive values. Segments have been aligned according to anatomical
location starting from the inferior pectoralis major segments ascending over the shoulder to
then descend to the latissimus dorsi segment L6. Note the temporal delays between agonist
and antagonist segments. Standard error bars are shown with this graph representing grand
mean data from 16 subjects.

242

Muscles within Muscles

Movement

Prime Movers

Primary

Secondary

Antagonists

Antagonists

Synergists

L2, L3, L5, L6
P5,P6

Ll
P1,P2,P3,P4
D7

D3

D1,D5

Adduction

Extension

L2, L3, L5, L6
P5,P6

Ll
P3,P4
D5,D7

PI
D1,D3

P2

Table 5.15. A comparison ofthe functional roles adopted by each segment during the
unperturbed adduction and extension dynamic tasks. Repeated datafromTable 5.2.

functional roles has been explained previously in the results section of this and the
previous chapter.

Pectoralis Major
Burst Morphology
Table 5.16 displays significantly (p<0.05) higher percentages of a two noncontinuous EMG burst pattern during the unperturbed adduction dynamic task for
segments P1-P3 in comparison to the extension dynamic task. This table also reveals
that P3 displayed a significantly (p<0.05) higher percentage of a one-continuous
EMG burst pattern during extension in comparison to the unperturbed adduction
dynamic task.

The intensity of Ag2 is depicted in Table 5.17. This table again illustrates the
differing activation patterns ofthe upper segments ofthe pectoralis major between
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the two dynamic tasks with segments PI and P2 not being able to be analysed in
extension due to a lack of an Ag2 burst. In the remaining segments, in which

O n e Burst

PI
P2

Add

Ext

39.4*

64.2*

10

(33.2)

(35.7)

47.1*
(38.7)

P3
P4

O n e Continuous
Burst
Ext
Add
18.5

4.4

.6

(16.3)

(26.5)

(10.1)

(2.5)

'60.8*

10.2

19.1

(40.2)

(20.3)

(31.5)

(0)

(4.7)

23.5

2.5

7.6

32.6

0

31.7

*

5.6

67.3

(0)

(15.5)

(6.8)

(10.3)

0

5.6

2.5

3.8

35.6

0

(302)

(40.5)

13.6

32.5

(12.6)

(32.6)

(0).

14.4

2.5

0

(21.3)

(4.5)

(0)

(17.5)

*

64.7

16.9*
(27)

(38.2)

2.5

29.5

(9.8)

42.5»

2.9

5.6

•. . (31.5)

*

(35.3)

(11.2)

(0)

8

46.3«

(6.8)

(36.4)

P6

0

Two Noncontinuous Bursts
Add
Ext

(28)

(29.3)

P5

T w o Continuous
Bursts
Ext
Add

16.2«
(29.6)

*

(32.8)
83.4

37.3*
(31.9)
52.5
(37.9)
58.1

(7.3)

(14.5)

(35.2)

4.1

10.6

85.3

75

(7.1)

(20.5)

(14.1)

(26.5)

(6.8)

Table 5.16. E M G burst categorisation for the pectoralis major during the unperturbed
adduction and extension dynamic task. Significant (p<0.05) differences for a particular
segment between dynamic tasks have been denoted with a (*) symbol. Alternately,
significant (p<0.05) differences between a particular segment and P6 within the one
dynamic task (one column) have been denoted with a (•) symbol. Values are in
percentages. Standard deviations are in brackets. Grand mean data from 16 subjects.

analyses were performed, no significant differences in the intensity of A g 2 were
found between the two dynamic tasks.

Movement

PI

Add

61.3 (20.1)

46

(13.7)

P4

P3

P2

P6

P5

35.8

(10.3)

37.6

(10.8)

39.8 (12.1)

48.9

(19,8) ]

53.1

(19.7)

45.1

(20.3)

40.1 (12.3)

53

(31,6)

Table 5.17. Ag2 intensity comparisons between the unperturbed adduction and extension
dynamic tasks. N o significant differences were apparent. Values are in percentages.
Standard deviations are in brackets. Grand mean data from 16 subjects.
244

Muscles within Muscles

T e m p o r a l Analysis
Onset times during the unperturbed adduction dynamic task for PI and P2 at -88 ms
and -87 ms respectively were significantly (p<0.05) earlier than when the same
segments were initially activated during the extension dynamic task (Figure 5.16).
No other significant differences were found for onset times between these two
dynamic tasks for segments ofthe pectoralis major and are hence not tabulated.

The temporal analyses of each segment's peak intensity to the occurrence ofthe peak
angular velocity, acceleration and deceleration (see methods; Figure 5.4) are
depicted below in Table 5.18. Note the significantly (p<0.05) later occurrence ofthe
peak intensity for PI and P2 in extension in comparison to the adduction dynamic
task (*) and also in comparison to P 6 (•) for all three kinematic variables.
Peak Intensity -

Peak Intensity - Peak

Peak Intensity - Peak

Peak Angular Velocity

Angular Acceleration

Angular Deceleration

Add

Add

Add
-79

PI

y

¥4
' -

*

'(3,1)3

-92
<;;ife/: *<m
^

Ext

'

*

17*

20

(22)

(28)

2*

9

• •• : • -(53) -

Ext
*

*

(60)

-181
(36)

-86*
(21)

87*

-195

*

-103*

(35)

(82)

(31)

(48)

*

104*

Ext

-113

-76

-13

14

-215

-177

(13)

;.'(45),,

(14)

(64)

(17)

(45)

-214

-193

-112
(23)

-, ,

;

,-12 '

-92
^ (42)

(21)

1 -120 ,3->r:-^;-3i93. '
(25)

V^&'A -101
(29)

(18)

-103 •
(59)

...

3 -2
(62)

-19

-28

(26)

(40)

-222

-219

(44)

(32)

-8

-13

.203

-203

(26)

.(75)

(33)

(57)

(20)

,

3;

,

(23)

Table 5.18. Temporal relationships of segments peak intensity to three key kinematic
variables. Significant (p<0.05) differences between dynamic tasks are denoted with a *
with a (•) used to indicate significant (p<0.05) differences between that segment and P6
within the one dynamic task. Data is expressed in milliseconds. Standard deviations are in
brackets. Grand mean data from 16 subjects.
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Functional Roles
Table 5.15 shows that the functional roles of segments P3-P6 did not change for the
two movements with P5 and P6 being prime movers and segments P3 and P4
adopting a synergistic role for both dynamic tasks. The differences in the two
dynamic tasks were apparent, however, with the upper segments (PI and P2)
adopting antagonistic roles to brake the extension dynamic task in comparison to
their synergistic role adopted in the unperturbed adduction dynamic task.

Latissimus

Dorsi

Burst Morphology
The only segment ofthe latissimus dorsi to display any significant (p<0.05)
differences in its activation patterns between the unperturbed adduction and
extension dynamic tasks was the upper Ll segment (Table 5.19).

One Burst
(%)

Ll
L2
L3
L5

Two Continuous
Bursts (%)
Add
Ext

Add

Ext

3.2

24.7

10.9

10.1

34.9*

(4)

(37)

(16.1)

(19.3)

2.7

30.2

6.9

3.1

(4.6)

(32.7)

(10.8)

10.4

30.6

0

0

0.5

(16.3)

(31.5)

(0)

(0)

(2.5)

6.9

25.1

0

0.6

1.3

4.3

(38.5)

(0)

(2.5)

(5)

(15)

13.7

0

1.8

(26.6)

(0)

(7.5)

(10.8)

L6

One Continuous
Burst (%)
Add
Ext

4.1
(10.2)

(7.9)

Two Non-continuous
Bursts (%)
Add
Ext

10.1

50.9*

55.U

(26.7)

(11.5)

(26.6)

(33.1)

11.2

2.7

79.9

63.3

(5.7)

(26)

(32.4)

90.1

68.5

(21.2)

0
(0)

*

.5
(2.5)

(16.3)
92.0
(11.1)

(31)
70.2
(39)

3.7

97.5

81.2

(8.9)

(6.8)

(21.3)

Table 5.19. E M G burst categorisation for the latissimus dorsi during the unperturbed
adduction and extension dynamic tasks. Significant (p<0.05) differences between dynamic
tasks are denoted with a * with a • used to indicate significant (p<0.05) differences
between that segment and L6 within the one dynamic task. Standard deviations are in
brackets. Grand mean data from 16 subjects.
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These differences included a significantly (p<0.05) higher percentage of a two
continuous EMG burst pattern during the unperturbed adduction dynamic task.
Segment Ll displayed a two continuous EMG burst partem in the unperturbed
adduction dynamic task of 34.9 % compared to only 10.1 % during the extension
dynamic task. Table 5.19 also depicts significant (p<0.05) differences between Ll
and L6 in the percentages of two continuous and two non-continuous burst patterns.

Temporal Analysis
No significant differences in segment onset, intensity or duration were apparent
between the two dynamic tasks and hence are not tabulated. Table 5.20 shows that
the only significant (p<0.05) temporal difference involved segment Ll with an
earlier peak intensity during the extension dynamic task relative to peak angular
velocity and deceleration.

Ll
L2
L3
L5
L6

Peak Intensity - Peak
Angular Velocity
Add
Ext

Peak Intensity - Peak Peak Intensity - Peak
Angular Acceleration Angular Deceleration
Add
Ext
Add
Ext

-25

-71

75*

29

-127

(79)

(68)

(77)

(70)

(80)

(67)

-53

-82

47

6

-155

-185

(79)

(67)

(87)

(42)

21

-21

-182

-212

*

*

-172

(83)

(44)

-79

-111

(77)

(40)

(77)

(58)

(76)

(42)

-99

-100

1

-10

-202

-201

(83)

(71)

(82)

(82)

(85)

(72)

-76

-113

17

-25

-178

-216

(97)

(50)

(93)

(70)

(103)

(53)

Table 5.20. Temporal relationships of a segments peak intensity to three key kinematic
variables. Significant Op<0.05) differences between dynamic tasks are denoted with a *
with a • also used to indicate significant (p<0.05) differences between that segment and L6
within the one dynamic task. Values are in milliseconds. Standard deviations are in
brackets. Grand mean data from 16 subjects.
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Functional Roles
When comparing segment function between the two dynamic tasks the segments of
the latissimus dorsi had a more homogenous activation pattern when compared with
the segments ofthe pectoralis major and the deltoid. The functional roles of
latissimus dorsi segments thus did not change between the two dynamic tasks (Table
5.15). Though significant (p<0.05) differences were apparent for segment Ll
between the two tasks these were not enough to influence a change in its synergistic
functional role.

Deltoid
Burst Morphology
Ofthe three muscles analysed, segments ofthe deltoid displayed the greatest
diversity of function in comparisons between the unperturbed adduction and
extension dynamic tasks. When comparing the types of EMG waveforms between
movements, Table 5.21 reveals that significant (p<0.05) differences (*) were from
Dl which recorded a larger percentage of a one burst pattern during extension and
D7 which recorded a larger percentage of a one-continuous burst pattern during the
unperturbed adduction dynamic task.

No analysis of Ag2 intensity was performed due to the absence of a second EMG
burst from most deltoid segments.
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O n e Burst
(%)

Add

Dl

44.9*
(42.1)

D3
D5

Ext
#

74.3
(28.2)

23.0

T w o Continuous
Bursts (%)
Add
Ext

9.5

(31.1)

9.6

(20,9)

(16,4)

T w o Non-continuous
Bursts (%)
Add
Ext

1.9

21.8*

(5.4)

, (3.5.3)

14.4
(28.5)

97.3

84.3

2.5

10.7

(10.0)

(28.5)

(10.0)

(17.7) .

39,1*

43.8*

55.1*

41.2

(29,0)

(38.3)

(3.1)

(2.5)

(23.4)

(14.3)

6,8

14.7*

14.4

27.5*

46.8*,

(14.5)

(17.8)

(17,1)

(22.7)

(34.2)

(32.5) \. ' (40,1);

Dl

O n e Continuous
Burst (%)
Add
Ext

4.7*
(12.6)

31.9*
(37.5)

53.1*
(37.0)

#

.

0

.7

0

3.8

(0)

(2.5)

(0)

(10.2)

.8

6.1

14.3

0.5

Table 5.21. E M G burst pattern comparisons of deltoid segments during the unperturbed
adduction and the extension dynamic tasks. Significant 0?<0.05) differences between
dynamic tasks are denoted with a (?*) with a (*) used to indicate significant (p<0.05)
differences between that segment and D3 within the one dynamic task. Standard deviations
are in brackets. Grand mean datafrom16 subjects.

Temporal Analysis

The onset times of deltoid segments are illustrated in Figure 5.16 with Table 5.22
also depicting the duration and an intensity measure (see methods for details).
Segment Dl displayed a significantly (p<0.05) earlier onset in the unperturbed
adduction dynamic task in comparison to the extension dynamic task, whilst D5
displayed a significantly (p<0.05) earlier onset in the extension dynamic task in
comparison to the unperturbed adduction dynamic task. Table 5.22 also shows D3 at
a significantly (p<0.05) higher percentage of intensity during the unperturbed

adduction dynamic task with D7 at a significantly (p<0.05) lower percentage of tot
muscle contraction intensity during these trials when compared to the extension
dynamic task.
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Onset (ms)
Add

Ext

-23*
mi
40

Dl
D3
D5
D7

Duration (ms)

* 23
mv
31

(27)

(25)

-21*

* -85*

Add

Ext

Intensity (%)
Add

Ext

205

163

8.3*

17.6

f«61

,CJ04

(& K\

fVt 31

185
(43)
314*

45.5

(116) ,

177
' . . (41)
277*

*

25.6

(83)

(7.9)

24.7*

21.0

(8.8)

(6.4)

(51)

. (38)

-86*

-120*

390* * 208

21.5* * 35.7*

(32)

(28).

(107)

(5:3)

. (85)

(44)

(11.4)

Table 5.22. A comparison between the onset, duration and intensity ofthefirstE M G burst
during the unperturbed adduction and extension dynamic tasks. A (*) is used to indicate
significant (p<0.05) differences between that segment and D 3 . Significant (p<0.05)
differences for a particular segment between dynamic tasks are denoted with a (*).
Standard deviations are in brackets. Grand mean data from 16 subjects.

T h e analysis concerning the relationship of segment peak intensity to peak angular
acceleration, deceleration and velocity is outlined in Table 5.23. This table displays
D5 and D7 with respective peak intensities occurring at -37 ms and -99 ms before

Peak Intensity - Peak

Peak Intensity - Peak

Peak Intensity - Peak

Angular Velocity

Angular Acceleration

Angular Deceleration

Add

m
D3

8
(49)
18

D7 ;

•

18

(19)

.

338''

%

.

Add

Ext

109

-94

-82

(47)

(54)

(52)

(32)

119

118

-84

-73

(22)

(49)

(12)

(15)

50*

•44

-141*

(74)

(40)

(51)

-11* .

-64

(62)

(78)

119

(48)

(42) ', 3

; '-99* • ', -139

„.j '/[::-,

Ext

108

-37*

*

(40)

'/<81).>

18
-(33)
27

3

(:!€)/

D5

Add

Ext

(41); '•>(77)
:

*
*

*;.

-201*
(46)

Table 5.23. Temporal relationships of segments peak intensity to three key kinematic
variables. A (*) is used to indicate significant (p<0.05) differences between that segment
and D 3 . Significant (p<0.05) differences for a particular segment between dynamic tasks
are denoted with a (*). Data is expressed in milliseconds. Standard deviations are in
brackets. Grand m e a n data from 16 subjects.
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the peak velocity during the extension dynamic task. These temporal relationships
ofthe peak intensity to the angular velocity peak were significantly (p<0.05) earlier
than the same segments during the unperturbed adduction dynamic task whose peak
intensities occurred at 18 ms (D5) and 38 ms (D7) after the angular velocity peak. In
relation to the peak angular acceleration, D5 and D7 also had significantly (p<0.05)
later peak intensities during the unperturbed adduction dynamic task in comparison
to their peak intensities during the extension dynamic task. Significant (p<0.05)
differences between dynamic tasks in relation to the peak angular deceleration were
also found with D7 exhibiting an earlier peak intensity during the extension dynamic
task at -201 ms in comparison to -64 ms before the angular deceleration peak during
the unperturbed adduction dynamic task.

Functional Roles
A comparison ofthe functional roles adopted by segments during the two dynamic
tasks is displayed in Table 5.15. Segment D5, for example, which functioned as a
secondary antagonist in adduction, functioned to aid the prime movers in extension
as a synergist segment. Segment Dl in extension now assumed a more dominant
role as a primary antagonist segment, however, the functional roles of D3 and D7 did
not change to remain as primary antagonist and synergist segments respectively.

Normality and Fatigue Analysis
The normality of each Repeated Measures ANOVA test used in this experiment was
checked by using a Kolmogorov-Smirnov test ofthe residuals. The results of these
tests indicated that the data was drawn from a population with a normal distribution
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with P values above 0.05 being predominantly found. In the minority of tests that
did show P values <0.05 a histogram indicated a predominant bell-shaped curve and
coupled with the strictness ofthe Kolmogorov-Smirnov test the assumptions
underlying the Repeated Measures ANOVA were considered not to be seriously
invalidated.

A fatigue analysis for the third experiment is displayed in Table 5.24 with no signs
of muscular fatigue being apparent.
Median
Frequency
(1st six trials)

Median
Frequency
(last six trials)

Subject 1

76.5

68.5

(P2)

(16.2)

(10.5)

Subject 2

160.1

150.5

(L6)

(20.8)

(17.5)

Subject 3

76.6

71.7

(D3)

(21.7)

(17.7)

Subject 4

71.3

84.7

(P6)

(11.4)

(6.7)

Subject 5

43.3

48.5

(D7)

(3.1)

(6.9)

Significance
(p<0.05)

p = 0.171

p = 0.476

p = 0.742

p = 0.116

p = 0.199

Table 5.24. Muscular fatigue analysis. Data is expressed in Hertz and are the mean value
of six trials. Standard deviations are in brackets.

Table 5.24 shows the Fast Fourier Transform results tested with Paired T-Tests on
five subjects for the assessment of muscular fatigue. The median frequencies ofthe
first six and last six trials ofthe 30 trial block (10 trials each of random loaded,
unloaded and unperturbed adduction dynamic tasks) were tested on various subjects
which included an even number for each ofthe three dynamic tasks. Mixtures of

252

Muscles within Muscles

different segments were used to assess possible fatigue from a number of electrode
locations. P values indicate no significant (p<0.05) differences in median
frequencies and hence no indication of muscular fatigue for the relatively light loads
utilised in this experiment.

It should be noted that the significant (p<0.05) differences noted in the results for the
current work, which revealed functional differentiation, was not an exhaustive list
and only relevant differences have been mentioned.

Section C: Influence of Unexpected Load Changes on
Intramuscular Segment Function
This part ofthe analysis utilised the unperturbed adduction, the loaded adduction,
the unloaded adduction and expectedly unloaded adduction dynamic tasks. The
extension dynamic task was not involved in this part ofthe analysis. For illustrative
purposes an overview ofthe onset times for the unexpectedly loaded and unloaded
adduction dynamic tasks are graphically illustrated in Figure 5.17 and quantitatively
displayed in Table 5.25 (along with the duration and intensity ofthe first burst)
which revealed similar patterns to the unperturbed adduction dynamic task.
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Figure 5.17. Onset times (ms) for segments during the loaded and unloaded adduction
dynamic tasks. Segments activated before the onset ofthe force (0 m s to the left) are given
negative values with segments activated after the force record (0 m s to theright)given
positive values. Segments have been aligned according to anatomical location starting from
the inferior pectoralis major segments ascending over the shoulder to then descend to the
latissimus dorsi segment (L6). Note the temporal delays between agonist and antagonist
segments and the increased electromechanical delay due to the extra load during the loaded
adduction task. Standard error bars are shown with the graph representing grand mean data
from 16 subjects
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Onset (ms)
Unloaded

PI
P2

234

13.9

-79

,?ft

-103

155

220

16.6

(19)

(47),

(71)

(62)

(5.9)

-112

140

233

22.1*

22.1

(24)

(26)

(101)

(10.5)

(10.7)

-124

145

258

19.1

21.0

(25)

(25)

(89)

(3.6)

(6.2)

*

-131

155

273

15.7

15.7

(25)

(24)

(6.0)

-136

159

(85)
281

(6.1)

*

12.6

13.2

(20)

(23)

(22)

(91)

(5.9)

(5.6)

-102

-124

261 •

*

334

12.0*

*

288

14.24

16.5

(67)

(5.5)
26.1

(5.5)
27.0
(8.5)

-84

*

-93

*

-102

-105

Ll
L2

*

*
*
*

-124

211

(25)

(54)

*

-137

177

*

(21)
-148

(39)
176

(24)

(26)

*

-98

L5
(18)
-127

*

-151

178

(31)

(26)

-43*

203

L6
(22)

-10*'

*

3/-7SV -' - • '-

40

D3
(17)' -

D5
D7

5* .
:

15.2

12.3*
if. r\\

*

263

(11.5)

5*

(61)
296

(6.5)

(6.1)

*

(110)
297

25.5

23.5

(99)

(8.3)

(5.5)

310*

9.8*

L3
(19)
-120

12.9

le, ds

nas

(21)
-108

Dl

Loaded

167

(21)

P6

Unloaded

-100

(19)

P5

Loaded

*

(17)

P4

Unloaded

Intensity (%)

-77

(15)

P3

Loaded

Duration (ms)

*

22.1

rail

nils

188

46.3

20.4

:#
-

6.8*
/t«v

*

42.3

;

76

172

(49)

(30)

(78)

{10.0)

(9.3)

25.3*-

25.4* 3

(9.07)

-9*

-12*

262*

310*

(40) ;

(80)

(66)

(146)

-105*

415*

(23)

(142)

18.7*
{ISO)

(52)-

(9.6)

*

|

26.5*
(6.6)

Table 5 25 Onset (ms), duration (ms) and intensity (%s; see methods) ofthe first E M G
burst during the loaded and unloaded adduction tasks. Data is expressed as per the same
method as the unperturbed adduction task (Figure 5.4). Symbols indicate significant
(p<0 05) differences between certain segments. For example, for the pectoralis major a (•)
is used to indicate significant (p<0.05) differences within that dynamic task (either loaded
or unloaded; within the one column) between that segment and P6, a (•) is used for the
latissimus dorsi to indicate significant (p<0.05) differences between that segment and L 6
and a (*) for the deltoid to indicate significant (p<0.05) differences between that segment
and D 3 Significant (p<0.05) differences for a particular segment between dynamic tasks
are denoted with a (*). See text for further selected differences. Standard deviations are in
brackets. Grand m e a n data from 16 subjects.
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The results ofthe antagonist latencies, that is the time period between the earliest
prime mover onset and the particular antagonist onset, are quantitatively displayed

below in Table 5.26 and graphically illustrated in Figure 5.18. Figure 5.18 depicts
the onset ofthe antagonist bursts, which included deltoid segments Dl, D3 and D5,
in relation to the beginning ofthe movement which was taken as the onset ofthe
prime mover segment L6. This segment being activated first in all dynamic tasks.

Dl
D3
D5

Unperturbed

Unloaded

Loaded

Expected light

(ms)

(ms)

(ms)

(ms)

116*

113*

118*

(80)

(77)

(121)

(74)

174

167

233*

148*

(48)

(35)

(67)

(34)

114*

118*

145**

93*

(56)

(50)

(86)

(48)

HI

• •

Table 5.26. Antagonist latency's in comparison to a prime mover segment (L6). The
antagonist latency's are compared to the onset ofthe prime mover segment (L6; designated
as being 0 ms) during the unperturbed, loaded, unloaded and expectedly unloaded adduction
tasks. A * indicates significant 0p<0.05) differences between that segment and D 3 within
the one movement (column) with a * indicating significant 0)0.05) differences within the
one segment when compared to the unperturbed adduction task (rows). Standard deviations
are in brackets. Grand mean data from 16 subjects.

Figure 5.18 does not include segment D7 which functioned as a synergist segment in
these movements and not as an antagonist. Comparisons have been made between
segments during the one dynamic task with comparisons made against D3 (the prime
mover antagonist segment). Table 5.26 shows similar relative results to previous
onset times within the deltoid (Table 5.13) with segments within each dynamic task
showing significantly (p<0.05) earlier activation's than D3. Comparisons between
the loaded, unloaded and expectedly unloaded movement tasks, when compared
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Figure 5.18. A graph depicting the antagonist latency's (ms) when compared to the prime
mover segment onset (L6; designated as 0 ms). A schematic raw E M G signal, representing
the prime mover segment L6, has been included for a more illustrative understanding of the
antagonist segment latency's for each dynamic task. The illustrated four dynamic tasks
included the loaded, unloaded, expectedly unloaded and unperturbed adduction dynamic
tasks. Note that some segments' latency period m a y overlap and hence m a y not be clearly
visible. Standard error bars are shown. Grand mean data from 16 subjects.
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against the same segment's latency during the unperturbed adduction dynamic task,
were also performed. For example, no significant differences were apparent within
segments between the unloaded and unperturbed adduction dynamic task (Table
5.26). Segments D3 and D5 displayed a significantly (p<0.05) larger latency period
during the loaded task with no significant differences in latency's from Dl in this
task in comparison to the unperturbed adduction dynamic task. A particularly
interesting result is that during the expectedly unloaded dynamic task only D3
displayed a significantly (p<0.05) earlier latency when compared against the
unperturbed adduction dynamic task (Table 5.26).
The kinematics for all five dynamic tasks for this results section ofthe third
experiment are depicted below in Table 5.27.

Kinematic

Expectedly
Unperturbed

Unloaded

Extension

Loaded

Variables

Unloaded

Peak Angular

218

249*

180*

223

215

Velocity

(17)

(26)

(14)

(21)

(23)

Peak Angular

2614

3025

1859*

2899

2661

Acceleration

(447)

(584)

(376.66)

(605)

(566)

Peak Angular

-2434

-2918 *

-1844.79*

-2560

-2433

Deceleration

(447.24)

(593)

(334)

(607)

(535)

Movement

355

342

398*

338

356

Time

(30)

(20)

(29)

(25)

(30)

Table 5.27. Kinematics for the unperturbed, unloaded, loaded, expectedly unloaded and
extension dynamic tasks. The peak angular velocity values are in degrees/second, the peak
angular acceleration and peak angular deceleration values are in degrees/second and the
movement time values are in milliseconds. A (*) indicates significant (p<0.05) differences
for that kinematic variable in comparison to the unperturbed dynamic task (rows).
Movement time has been expressed as the time period between the 1 0 % onset threshold of
the electrogoniometer and the second zero crossing ofthe acceleration trace (see Figure
5.4). Standard deviations are in brackets. Grand mean data from 16 subjects.
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Finally, contraction intensities were also included in the unexpected loadings
analysis with the loaded, unloaded and expectedly unloaded dynamic tasks again
being compared against the unperturbed adduction dynamic task (Table 5.28). Three
One-Way Repeated Measures ANOVA's were performed for each dynamic task
(loaded, unloaded and expectedly unloaded) against the unperturbed adduction
dynamic task to identify significant (p<0.05) differences within the same segment
between dynamic tasks; no significant differences were found.
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Unloaded

Loaded

(%)

(%)

Expectedly
Unloaded
(%)

PI
P2
P3
P4
P5

106.6

107.2

108.0

(16.5)

(34.1)

(39.4)

104.0

110.7

81.9

(19.5)

(24.4)

(31-8)

99.0

108.4

84.7

(15.5)

(11.4)

(32.5)

96.2

105.1

83.7

(12.8)

(21.7)

(26.4)

98.3

102.6

88.3

(11.9)

(15.6)

(23.8)
86.0
(27.2)

98.0

106.5

(11.3)

(16.2)

93.2

110.5

83.3

(13.8)

(21.9)

(28.9)

91.5

109.9

70.4

(15.7)

(24.0)

(33.8)

96.3

109.8

100.1

(17.0)

(18.2)

(29.7)

98.1

97.8

94.4

(8.3)

(9.7)

(15.9)

99.9

99.2

101.1

(8.9)

(8.3)

(21.6)

97.5

71.6

120.5

(22.5)

(3035)

•(45.7)

116.5

76.6

118.7

(15,0)

{33.1)

112.4

, 83.8

110.9

(Xi.l).
,,:..,.":, / ; /,-,
100.5

(14,9)

(35.7)

99.7

112.6

(12.3)

{38.9)

P6
Ll
L2
L3
L5
L6
Dl
D3
''•'/'•

-

/'•

'•''"

• , (16.9)
'••

; D5 / ',"' \
D7 '

m-%
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Table 5.28. Segmental amplitude (%) w h e n compared to the unperturbed adduction
dynamic task, which was taken as being 1 0 0 % and is not shown. Data is expressed as a
percentage ofthe unperturbed adduction dynamic task (eg., average discharge for the
unloaded, loaded or expectedly unloaded dynamic tasks / average discharge for the
unperturbed adduction dynamic task * 100) with values over 1 0 0 % indicating higher
myoelectric intensities than the same segment during the unperturbed adduction dynamic
task. R a w myoelectric average discharge values between electrode sites (segments) were
not compared due to the obvious errors encountered with this procedure (see text for
details). Standard deviations are in brackets. Grand mean data from 16 subjects.
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Discussion

The aims of this third experiment have been to:

• Quantify the amount of functional differentiation within segments of three
shoulder joint muscles and determine their functional roles during the
performance of fast dynamic tasks of the shoulder joint.

• Establish how changing movement direction influences segmental activation
patterns and their functional roles during dynamic tasks.

• Determine whether the classical triphasic three-burst pattern is applicable for
describing the activation patterns from all segments of three large radiate
muscles, and hence,

• To determine whether the Equilibrium Point Hypothesis (lambda version)
(Latash, 1992; Latash, 1998; Latash & Goodman, 1994; Latash & Gottlieb,
1991a; Latash & Gottlieb, 1991b) can account for the activation patterns of all
segments within multisegmental muscles.

Functional Differentiation during Dynamic Tasks
In regard to the first aim, the degree of functional differentiation evident in the
dynamic tasks did not reach the level of independent activation that was detected for
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the static tasks (Chapter 4). For example, Figure 5.19 illustrates that only two
functional segments were identified for the pectoralis major and latissimus dorsi,
although the deltoid still exhibited independent segmental activation from all tested

pectoralis major
segments

Figure 5.19. A schematic diagram depicting the level of independent segmental activation
within each ofthe three muscles during the unperturbed adduction and extension dynamic
tasks according to significant 03<0.05) results found in the A N O V A analyses. Areas of
muscle mass (singular and grouped segments) that displayed evidence of independent
activation (a significant (p<0.05) difference to an adjacent segment/s) are put in a circle by
themselves. Note that the diagram shows independent activation exhibited from all deltoid
segments tested, whilst the latissimus dorsi and the pectoralis major could only be split into
two functional segments (two circles) for their respective muscle masses.
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segments (Dl, D 3 , D 5 and D 7 ) during the unperturbed adduction dynamic task. It is
suggested that this result does not necessarily imply that these muscles, and in
particular the pectoralis major and latissimus dorsi, cannot be differentiated into
smaller functional subunits during dynamic tasks, but rather that the task

requirements dictated a more homogenous activation of segments. For example,
since these dynamic contractions were performed as fast as possible, it was
necessary that all segments were activated as quickly as possible to produce the force
impulse. However, similar activation patterns (waves of activation) were still
apparent amongst segments to those exhibited during the static tasks. Therefore,
based on our findings, it would seem that similar neuromotor control strategies are
used in dynamic and static tasks. A decrease in contraction time (first burst
duration) has lead to a 'compression' in segment activation patterns, which make
significant (p<0.05) differences between segments harder to identify. This is
illustrated by the onset times (Figures 5.16 and 5.17) where segment activation is
more 'compressed' with fewer significant (p<0.05) differences detected between
agonist segments as was evident in Chapter 4.

The influence of contraction time on the amount of functional differentiation evident
in intramuscular segments about the shoulder has been previously investigated
(McAndrew & Brown, in press). In this experiment, contraction times ranging from
300 to 1500 ms to peak isometric force were utilised with a contraction time of
approximately 400 ms to peak (similar to second experiment) eliciting the greatest
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degree of functional differentiation, particularly in segmental onset times. Faster
contraction times diminished the amount of independent segmental activation
amongst segments. For the current work, contraction times for the first EMG burst
were approximately 200 ms in total duration. Total movement time for the
unperturbed adduction dynamic task averaged 354 ms at an average peak angular
velocity of 2187sec (Table 5.25); more rapid movement than that of 800 ms total
duration. These results (McAndrew & Brown, in press), albeit for a static protocol,
would also seem to apply to the activation patterns of segments during the static and
dynamic experiments of this thesis.

In regard to segmental onset times, a sequential activation of anatomically adjacent
segments (Figures 5.16 and 5.17) was a common trend in all dynamic tasks.
Specifically, a wave of segment activation, spreading superiorly from the most
inferior segments (P6 and L6*) and continuing up either side ofthe trunk to converge
on segment D3, was evident for both the adduction and extension dynamic tasks.
For example, anteriorly, segments were activated sequentially from P6 to PI and
posteriorly from L6 to D7. Minimal temporal delays were apparent between the
onset times of these anteriorly and posteriorly adjacent segments in the adduction
task. For example a mean difference of 7 ms was apparent between the anteriorly
adjacent segments and a mean difference of 10 ms was apparent between
anatomically adjacent posterior segments (derived from Tables 5.5 and 5.10).
However, a significant (p<0.05) temporal delay posteriorly between the anatomically

* Note the differences in the starting points for the waves of activation in the static adduction tas
and P6) compared to the dynamic adduction tasks (L6 and P6) due to differences in upper limb
starting position and hence lines of action (Figures 4.18 and 5.7).
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adjacent synergist segment D 7 and the secondary antagonist segment D 5 , and
anteriorly between the anatomically adjacent synergist segment PI and the secondary
antagonist segment Dl of 63 ms and 75 ms respectively was evident. Similar results
were also apparent in the extension dynamic task. These significant (p<0.05)
temporal delays between anatomically adjacent agonist and antagonist segments
(D7/D5 and PI/Dl) are indicative ofthe different functional tasks undertaken by
these segments. Interestingly, although PI and Dl exhibited significant (p<0.05)
temporal delays between their onset times, in comparison to other anatomically
adjacent segments, this delay was not apparent between the posterior segments of Ll
and D7. Segment D7 seemingly acted as a seventh segment ofthe latissimus dorsi
being activated sequentially after Ll during the adduction dynamic tasks.

The existence, or absence, of significant (p<0.05) temporal delays between the onset
times of anatomically adjacent segments with these delays able to be interpreted in
light ofthe moment arm data from Chapter 3. For example, segment D5 and Dl
with lines of action above the axis of rotation would function as abductors, whereas
D7 and PI with lines of action below the axis of rotation would function as
adductors* (Table 3.7). This biomechanical data thus helps explain the significant
(p<0.05) temporal delays between the anatomically adjacent segments of D5/D7 and
Dl/Pl. The absence of significant temporal delays between D7 and Ll can also be
traced back to their moment arms as these segments both assume an adductor
function with lines of action below the axis of rotation (Table 3.7). This temporal

* The author acknowledges the extrapolation ofthe moment arm data to apply to arm positions where
moment arms were not calculated. However, a general trend can be obtained from Table 3.7 allowing
reasonable assumptions on segment functioning to be made.
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E M G data, coupled with the biomechanical aspects for each segment, indicates that a

subject has an acute awareness for the location of muscle fibres in relation to a joint
centre. Furthermore, from a central nervous system perspective, the muscular
apparatus seems to be viewed as a singular piece of tissue whereby selective parts of
this muscular tissue are chosen, irrespective of anatomical taxonomy, that will
perform a particular movement the most efficiently.

Movement Direction Influences on Segment Function
The influence of a change in movement direction from shoulder adduction to
extension resulted in a change in the activation sequence of four segments (Table
5.2). One ofthe major differences in segment function detected was that the upper
segments of pectoralis major (PI and P2), instead of acting as synergists to aid the
prime movers as in adduction, during extension adopted an antagonistic role to brake
this movement. A further difference in segment function between the two dynamic
tasks was the functioning ofthe D5 segment, which changed its role from an
antagonist in adduction, to a synergist, helping to produce the force impulse, in
extension (Table 5.2). Segment Dl now functioned as the primary antagonist in
extension, which coincides with its greater moment arm in flexion in comparison to
abduction (Table 3.7). Furthermore, the designation of antagonist segments in
extension based on their onset's is substantiated by the significant (p<0.05) temporal
delays between anatomically adjacent agonist (D5) and antagonist (D3) segments
(approx 115 ms) and also the agonist P3 and antagonist P2 (approx 75 ms) segments
(Figure 5.16). These differing functional roles between the two dynamic tasks, for
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both agonist and antagonist segments, signifies that a change in movement direction
influences a segments functional role.

As stated previously, for both adduction and extension dynamic tasks a similarity
was apparent where the wave of segment activation spread superiorly from the
inferior segments up either side ofthe trunk to converge on segment D3 (Figure 5.7
and 5.16). Interestingly, this result again showed D3 as the last segment activated in
extension, as was the case during the adduction motion. Although D3 adopted a
primary antagonist role in extension, its flexor moment arm is not as large as the
other primary antagonist segments of Dl and PI (Table 3.7). Therefore, it would not
seem as though it would be the most suited segment to brake the extension
movement. Instead, the late activation of D3 in both movements may infer merely a
consequential 'point of convergence' between anterior and posterior 'waves of
activation', an order effect, or a bi-directional tuning of D3 motor units suitable for
both adduction and extension force vectors (Herrmann & Flanders, 1998). For
example, in considering the last option, these authors (Herrmann & Flanders, 1998)
found that a number of single adjacent motor units within the deltoid displayed
similar peak firing rates and threshold forces for recruitment in two different
directions, with these force vectors sometimes being 90° apart. This evidence, at the
single motor unit level, may explain the similar late activation ofthe primary
antagonist D3 in both adduction and extension and also the similar onsets ofthe
agonist segments in the two dynamic tasks. It is acknowledged that this result does
not fully support our criterion of using late onset times for identifying primary
antagonist segments, however, no significant (p<0.05) differences were apparent
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amongst the onset times of D l , PI and D 3 primary antagonists. In any case, this
result may represent an invariant characteristic and hence a 'modus operandi' that is
utilised by the central nervous system for movement control. It should be noted that
the occurrence of adjacent motor units showing evidence of peak firing rates for
vastly differing movement directions meant that the authors (Herrmann & Flanders,
1998) did not support the notion of neuromuscular compartments (English et al.,
1993). However, in this and the previous experiment when recording from a
multitude of motor units under the surface electrode interface the results would infer
that the majority ofthe motor units being sampled are showing early onsets and high
myoelectric activities for a specific movement. Thus although the existence of
neuromuscular compartments can not be confirmed or denied by this experiment the
presence of functional subunits of a muscle is validated by the EMG evidence of
sampling from multiple motor units. The presence therefore of adjacent motor units
displaying differing preferred directions (peak firing rates) may thus allow the
smooth recruitment and derecruitment in motor unit activation with changes in
movement direction and does not invalidate the notion of functional muscle
segments.

It is noted that minimal significant (p<0.05) differences in agonist onset times were
apparent when comparing the same segment during the unperturbed adduction and
extension dynamic tasks. However, most segments did exhibit significant (p<0.05)
differences in their onset times when comparing between the loaded and unloaded
adduction dynamic tasks (Table 5.25). In the author's opinion this does not
represent any functional significance, especially for the agonist segments, and is
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merely a function ofthe extra load causing an increase in electromechanical delay
with the loaded movements. Functional significance was apparent however within
the activation patterns ofthe antagonist segments Dl, D3 and D5 with D3 the only
antagonist segment to be activated significantly (p<0.05) later in the loaded in
comparison to the unloaded dynamic task. It was expected that with a heavier load
and hence a slower movement, that all antagonist segments would be activated at a
significantly (p<0.05) later temporal delay when compared to the unloaded dynamic
task; this was not the case. This result typifies the specialised role played by this
segment ofthe deltoid which is further augmented with the significantly (p<0.05)
higher percentage ofthe total deltoid myoelectric activity exuding from this segment
during all adduction dynamic tasks.

The Neuromotor Control of Rapid Movements; the Triphasic
EMG Burst
Although the onset times did not play as large a role in determining the amount of

functional differentiation in comparison to the static dynamic tasks, the presence of a
three-burst EMG pattern between agonist and antagonist segments did provide a
different means of identifying independent activation patterns within each muscle.
The triphasic EMG pattern is well documented in representing a basic neuromotor
control strategy for rapid movements (Angel, 1975; Angel, 1977; Gottlieb et al.,
1989a; Latash, 1994; Richardson & Simmons, 1985) less than 400 ms (Brown &
Gilleard, 1991). However, differences in the morphology ofthe constituent
components (Agl, Ant and Ag2) across the breadth of a muscle, as determined in
this experiment, has not previously been established. From the results it was
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apparent that the E M G waveforms associated with the triphasic E M G burst pattern*
were only predominantly displayed by that part ofthe muscle constituting the prime
mover part for the agonist muscle or the primary antagonist part for the antagonist
muscle. Therefore, with the variety of different EMG waveforms (Figure 5.6)
displayed in this current work, the classically described triphasic EMG burst pattern
is not appropriate for a description of segment activation patterns across the breadth
of large radiate agonist and antagonist muscles.

A further finding in regard to the triphasic EMG burst was the later onsets ofthe
primary antagonist segment/s in relation to the secondary antagonist segment/s
(Figure 5.7 and 5.16 and Table 5.15). This is in direct contrast to the prime mover
segments ofthe pectoralis major and latissimus dorsi during adduction, which were
categorised partly because of their early onsets. An explanation for this finding may
stem from differences in reciprocal innervation amongst the antagonist segments of
the deltoid. It is well known that reciprocal innervation of agonist and antagonist
muscle groups occurs during movement. The results ofthe current work would
suggest that certain portions of an antagonist muscle (primary antagonist segments)
receive a 'stronger' neural inhibition which results in the onset's of these segments
being significantly (p<0.05) delayed in comparison to other antagonist segments of
the same muscle.

* Typically a two non-continuous burst pattern for the agonist and a one burst pattern for the
antagonist.
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The Equilibrium Point Hypothesis and Multisegmental Muscle
Function
The final aim of this experiment was to determine the applicability ofthe Lambda
Equilibrium Point Hypothesis (Latash, 1992; Latash, 1994; Latash & Gottlieb,
1991a; Latash & Gottlieb, 1991b; Latash & Gutman, 1993) to describe the EMG
activation patterns of segments across the breadth of a single muscle. This
equilibrium point hypothesis has only been applied previously to small non-radiate
muscles such as the biceps and triceps brachii and not to segments within the same
muscle. According to Latash "the beginning of activation for the antagonist muscle
is centrally programmed" (Latash, 1994). This means that as long as the subject is
using the same central command then unexpected load changes, within reason,
should not alter the latency ofthe antagonist burst. This was apparent for the
unloaded dynamic task with segments Dl, D3 and D5 exhibiting unchanged
antagonist latency's when compared to the unperturbed adduction dynamic task
(Table 5.26). However, during the loaded trials D3 and D5 displayed significantly
(p<0.05) longer latency's with no change in Dl when compared to the unperturbed
adduction dynamic task. This result may be indicative of different programming
strategies between antagonist segments. More conclusive evidence was apparent
during the expectedly unloaded dynamic task in which only D3 displayed a
significantly (p<0.05) shorter latency period when compared to the unperturbed
adduction dynamic task. In conditions where the subject knows the weight will be
lighter, and practices with this lighter weight beforehand, the central command will
be altered for the now faster movement to bring about an earlier activation ofthe
antagonist to better brake the faster movement (Latash, 1994). This altered central
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c o m m a n d appears to have only concerned D 3 and not D l or D 5 and hence m a y only
have applied to the primary antagonist segment. To extrapolate, this result questions
existing theoretical models on muscle coordination that do not incorporate
subpopulations of motor units into their framework.

Summary
In conclusion this experiment has shown that similar neuromotor control strategies
are used in dynamic and static tasks. The dynamic tasks, however, with a shorter
contraction time, 'compressed' segmental activation patterns, which made statistical
distinction between segments difficult. Also similar to the second experiment was
that a segments functional role was again dependent on the particular movement
direction. Furthermore, as a consequence ofthe varying agonist and antagonist
EMG waveforms identified across the breadth ofthe pectoralis major, deltoid and
latissimus dorsi the triphasic EMG burst was found not to be valid in describing the
EMG waveforms across the breadth of these multisegmental muscles. Finally, the
Equilibrium Point Hypothesis (Latash, 1994) would seem to apply only to prime
mover and primary antagonist segments.
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General Discussion
Addressing the aims and hypotheses'
The aims of this thesis were:
1. To quantify the structure of three shoulder joint muscles, with particular
reference to the anatomy, innervation, geometry and biomechanics of
their intramuscular segments.
2. To quantify the function of intramuscular segments with regard to:
a) static vs dynamic tasks
b) direction of task
c) force of contraction
d) their anatomical location (line of action).
3. To more fully understand the neuromotor activation patterns of muscle
segments both within the one muscle and across groups of muscles acting
over a joint.

With the hypotheses being:

1. Pectoralis major, latissimus dorsi and deltoid will exhibit anatomical
segmentation, primary nerve branching to different segments, and
differences in segmental lines of action and moment arms.

2. Similar activation patterns amongst segments will be apparent for both
the static and dynamic tasks.

* Aims and hypotheses taken from general introduction.
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3. T h e direction of movement and the force of contraction will alter a
segment's activation pattern.

4. Segments with the most efficient (see glossary) line of action for a
particular joint action will be activated first and will display higher
myoelectric intensities when compared to segments with more oblique
(see glossary) lines of action during both static and dynamic shoulder
joint tasks.

5. The triphasic EMG burst pattern and the Equilibrium Point Hypothesis
(Latash, 1993; Latash, 1994; Latash & Goodman, 1994; Latash &
Gottlieb, 1991a; Latash & Gottlieb, 1991b) will be unable to describe the
activation patterns of all segments across the breadth of a multisegmental
muscle.

In regard to the first aim and hypothesis all seven segments ofthe deltoid could be
anatomically segmented, according to anatomical criteria (see page 51), four were
able to be distinguished from the pectoralis major and one anatomical segment was
discernible from the latissimus dorsi muscle mass. Although these muscles did
show evidence of anatomical segmentation the results ofthe functional analyses (eg,
differences in EMG waveforms between segments) showed that a peripheral
anatomical segmentation need not be present in these muscles for them to exhibit a
functional segmentation (see glossary). For example the latissimus dorsi with one
anatomically defined segment was subsequently found to consist of four independent
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functional segments during the static tasks. Similarly, for the pectoralis major,
segments that were categorised by non-anatomical criteria (line of action differences)
also showed independent activation patterns. Hence the results of this thesis showed
that seemingly homogenous sheets of muscle mass could still be functionally
differentiated. In regard to the neural innervation ofthe three muscles, primary
nerve branching was evident within each muscle but no apparent relationship existed
between the designated anatomical segments and the primary nerve branches. Hence
it was not apparent that each segment received its own individual primary nerve
branch. Finally, in regard to the first aim and hypothesis, differences were evident in
the geometry and biomechanics of each intramuscular segment in regard to the
orientations of each segments line of action and their moment arms. These
differences were 'backed up' and highlighted by the variations in the subsequent
EMG waveforms from each segment and indicated an acute awareness ofthe subject

for the location of each segments line of action in relation to the joint rotation centre

In regard to the second aim of quantifying the function of intramuscular segments
this thesis established certain principles of intramuscular segment functioning. For
example, similar neuromotor control strategies are used in dynamic and static tasks
when concerned with the initial agonist burst. A decrease in contraction time
(dynamic tasks) did lead to a 'compression' in segment activation patterns, which
led to fewer significant (p<0.05) differences apparent between segments but the
same patterns (eg, wave of activation, segments with the most efficient lines of
action being activated first) were still evident.
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A furtherfindingin regard to the second aim and the third hypothesis was that the
direction ofthe task and the force of contraction were found to alter segment
activation patterns. Differences in segment activation patterns with changes in task
direction provided further evidence for a task dependent activation of motor units as
has been previously suggested (Hong, Corcos, & Gottlieb, 1994; Loeb, 1982; Loeb,
1985; Loeb, 1990; Tax & Gielen, 1993). The force of contraction (% MVC) also
revealed differences in segment activation patterns. What was apparent was that
only those segments with the most efficient lines of action (prime mover segments)
are activated (>10% MVC) at low force levels with motor units from segments with
more oblique lines of action to the intended motion being activated as the force of
contraction is increased. An efficiency principle thus seems to be apparent in that
the central nervous system only recruits those motor units that are the most efficient
for performing a particular motor task.

The final part (d) ofthe second aim concerned the function of intramuscular
segments with regard to their anatomical location (the position of its line of action).
The results ofthe thesis showed that the position of a segment's line of action in
relation to the direction ofthe task and joint centre was the major factor that
determined a segment's activation pattern. Thus, in accordance with the fourth
hypothesis, segments with the most efficient lines of action for a particular task were
activated first and displayed higher myoelectric intensities (prime mover segments)
than segments with more oblique lines of action (synergist segments) during both
static and dynamic tasks.
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The third aim of this thesis was to more fully understand the neuromotor activation
patterns of muscle segments both within the one muscle and across groups of
muscles acting over a joint. A pattern that did emerge in the activation patterns of
segments and which gave greater insight into understanding the activation patterns
of intramuscular segments was a 'wave of activation' (see glossary) in relation to
segment onset times both within the one muscle and across muscle groups. As
stated previously this 'wave of activation' phenomenon maybe a modus operandi in
which the central nervous system controls movement. It is the author's opinion that
this peripheral EMG evidence indicates a topographic arrangement for the
motoneurons supplying segments of these three muscles in that the motoneurons
supplying motor units within anatomically adjacent segments may also have
anatomically adjacent cell bodies.

The fifth and final hypothesis of this thesis was in regard to the triphasic EMG burst
pattern and the Equilibrium Point Hypothesis (Latash, 1993; Latash, 1994; Latash &
Goodman, 1994; Latash & Gottlieb, 1991a; Latash & Gottlieb, 1991b) and their
ability to describe the activation patterns of all segments across the breadth of a
multisegmental muscle. As previously mentioned the triphasic EMG burst pattern
could not account for the activation patterns of all segments across the breadth of
these multisegmented muscles. This was particularly apparent with the novel
finding of four different types of EMG waveform patterns in the third experiment
and the differences in antagonist activation patterns which gave rise to the
classification of two types of antagonist segments. The Equilibrium Point
Hypothesis was also unable to account for the activation patterns from the entire
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breadth of these multisegmental muscles, particularly the segments ofthe deltoid
(Dl, D3 and D5) which acted as antagonists during the adduction tasks ofthe third
experiment. Thus it would be unwise to state that this popular theory of motor
control can apply to all skeletal muscles. It is the author's opinion that this theory
only applies to the prime mover and primary antagonist segments ofthe opposing
muscle groups in question.

The remainder ofthe discussion will focus on two objectives that were outlined in
the general introduction (page 1):

1. To provide insight into the factors that determine a segment's activation
pattern for static and dynamic shoulder joint tasks.

2. To provide insight into the extent to which muscles can be functionally
segmented during static and dynamic shoulder joint tasks.

What Factors Determine a Segment's Activation
Pattern for Static and Dynamic Shoulder Joint Tasks?
The major factor, which determined a particular segment's activation pattern, was its
line of action. Specifically, if a segment's line of action was efficient* to perform a
certain task then that segment would generally exhibit high myoelectric activity and
be activated first (prime mover) or last (primary antagonist). The level of

* See glossary.
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myoelectric activity would diminish and the onset of activity change (later or earlier
onsets for synergists and secondary antagonists respectively) the more oblique a
segment's line of action became to the intended motion. The results correspond well
to the idea that descending inputs to spinal motoneurons have cosine tuned activity
(see Literature Review, page 27) (Georgopoulos, Kalaska, Caminiti, & Massey,
1982) and also from previous work in this laboratory (Paton & Brown, 1994; Paton
& Brown, 1995b; Wickham & Brown, 1998). It also indicates that Henneman's size
principle (Henneman, Somjen, & Carpenter, 1965) maybe operating at a segmental

level within the muscle recruiting motor units from smallest to largest in the area of
the muscle that is most efficient to produce the movement (this will be further
discussed in subsequent pages).

Inherent in the line of action governing a segments activation pattern was an
efficiency factor. If the whole muscle was not needed to perform the task (eg, the
static flexion 25% MVC task, where only three segments were activated) then only
those segments necessary (eg, with the most efficient lines of action) to perform the
task would be activated. Therefore it seemed as if a 'law of efficiency' governed
segment activation patterns with the results corresponding well with the two "
tentative laws of muscle action"(MacConaill & Basmajian, 1969). These included
the "law of minimal spurt action" where no more spurt fibres are brought in action
than are necessary, and the "law of minimal shunt action" where no more shunt
fibres are brought into action than are necessary to perform the particular movement.
Note the author's use ofthe term fibres rather than referring to whole muscles,
which fits in well with our results at the segmental level.
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The speed of contraction was an additional factor that determined the type of
segmental activation pattern. This was particularly apparent in comparisons between
the second and third experiments. The increase in contraction speed and the
dynamic nature ofthe movements in the third experiment allowed the emergence of
the triphasic EMG burst pattern which provided differing EMG waveforms
displayed by prime mover, synergist and antagonist (primary and secondary)
segments. Specifically, the prime mover segments exhibited a predominant two
non-continuous burst pattern and when coupled with the primary antagonist/s EMG
waveform (one burst pattern), typified the classical triphasic burst pattern. With the
inherent variability ofthe EMG waveforms exhibited from synergist segments the
silent period, typical of being between Agl and Ag2, was predominantly displayed
by the prime mover segments with their typical two non-continuous burst pattern.
As mentioned previously (Chapter Two; Literature Review) a probable explanation
of this silent period between Agl and Ag2 has been ascribed to that of an unloading
reflex involving alpha-gamma motoneuron linkage (Angel, 1981, Latash, 1998). To
reiterate, the fast movements in the third experiment result in rapid shortening ofthe
muscle. This rapid shortening result in the sensory endings ofthe muscle spindles

(intrafusal fibres) becoming silent or at least decreasing their firing rate. This means
that their reflex effects on their homonymous alpha motor neuron's (extrafusal
fibres) decreases and hence a decrease in EMG may result producing a silent period
between Agl and Ag2 (Latash, 1998). With % MVC values used as an index of
neural drive, the prime mover segments presumably receive greater neural drive
when compared to synergist segments. This has been repeatedly exhibited in this
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(second experiment) and other studies (Paton & Brown, 1994; Paton & Brown,
1995b; Wickham & Brown, 1998) from the same laboratory where the highest %
MVC values have been displayed by the prime mover segments. If the prime mover
segments are receiving greater neural drive than synergist segments then they may be
unloaded to a greater degree than their synergist partners thereby producing a less
variable and more predominant silent period from these segments. This notion,
however, would need further experimentation to provide validity to the speculation
of whether prime mover segments are unloaded to a greater extent than synergist
segments. Further support for this notion is the finding of direct
corticomotoneuronal connections with gamma motoneurons; the fibres of which
originate in the same area of cortex as those which project to alpha motoneurons
innervating the corresponding extrafusal muscle fibres (Porter, 1983). This hence
indicates a degree of alpha-gamma coactivation in the pyramidal tract projection.

Further work on corticomotoneuronal connections, this time to alpha motoneurons,
has revealed a widespread termination of axonal branches from corticomotoneuronal
cells synapsing on as many as four different muscles (Shinoda, Yokota, & Futami,
1981). Spike triggered averaging has helped to determine the physiological
consequences of this corticomotoneuronal axonal branching and has revealed three
different types of effects that corticomotoneuronal cells have on agonist and
antagonist muscles. Specifically, these cells can purely facilitate agonist muscles
with no effect on antagonists, others cells can inhibit antagonists via interneurons
and have no effect on agonists, and finally a third type of corticomotoneuronal cell
can have reciprocal actions which facilitate agonists and inhibit antagonists; again
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via inhibitory interneurons (Cheney, 1985). This work on corticomotoneuronal cell
projection hence describes their actions to be at the whole muscle level when
mentioning agonists, synergists or antagonist facilitation or inhibition.

If it is valid to infer central function from peripheral EMG activation patterns, it
would seem that the resulting EMG waveforms ofthe third experiment in particular
point to a finer level of motor control than that of whole muscle function.
Specifically, when viewing the onset times ofthe unperturbed and extension tasks
(Figure 5.16) and the functional roles of segments (Table 5.2), corticomotoneuronal
cell projection may facilitate or inhibit agonist and antagonist segments and not
whole muscles. Figure 6.1 provides a simplified diagram ofthe hypothesised
corticomotoneuronal cell projection according to results from the third experiment.
This modified diagram illustrates that the primary corticomotoneuronal axonal cell
projections initially facilitate the motoneuron cell bodies ofthe latissimus dorsi and
the pectoralis major prime mover segments*. At a slightly later temporal delay other
corticomotoneuronal axons excite motoneuron cell bodies of specific synergist
segments of which belong to all three muscles. The initial EMG onset from these
segments is hence seen significantly later than the EMG onset's ofthe prime mover
segments. Simultaneously, inhibition of specific motoneurons supplying the
antagonist segments ofthe pectoralis major and the deltoid via inhibitory
interneurons seem to be suppressing more influentially the primary antagonist
segments in comparison to the secondary antagonist segments. This being based on

* The author acknowledges that most corticomotoneuronal projections to motoneuron cell bodies are
via an interneuron.
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the results of significantly earlier E M G onset's from the secondary antagonist
segments when compared against the primary antagonist segments. A more effective
'hard wiring' of inhibitory connections may be directed to the motoneurons
supplying the primary antagonist segments. The author acknowledges that basing
the timing of activation of muscle segments on the connectivity of corticospinal
neurones is a simplistic viewpoint. Other motor areas in the brain (basal ganglia and
cerebellum) are also likely to influence segment activation patterns and it is
acknowledged that the data does not warrant much speculation on the details ofthe
complex neuronal networks involved.
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Figure 6.1. A simplified diagram (modified from Cheney et al., 1985) of proposed central
motoneuronal projections to motoneuron cell bodies of various segments based on the
results ofthe third experiment. The adduction (unperturbed) and extension movement tasks
are represented with central motoneuronal projections initially facilitating or inhibiting (via
interneurons) agonist Oprime movers and synergist) and antagonist Oprimary and secondary
antagonist) motoneuronal cell bodies respectively. Segment classification has been
extended from Table 5.2 in which significant differences 0><0.05) in onset times and E M G
burst morphology mainly delineated each segments functional role. The superior to inferior
location of each motoneuronal cell body coincides with its associated segment onset (early
to late activation).
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With a segment's line of action being the predominant factor in determining its

activation pattern it is evident that the central nervous system has an acute awareness
of which segments are most appropriate to perform a particular task. It is the
author's opinion that this efficiency of muscular contraction is acquired through
practice with a progressive inhibition of inefficient motor units (more oblique lines
of action) with the learning of a task; a viewpoint also shared by others (Basmajian,
1977).

To What Extent Can Muscles be Functionally
Segmented During Static and Dynamic Shoulder Joint
Tasks?
This thesis has shown that both the pectoralis major and the latissimus dorsi can at
least be subdivided into four independently activated segments of muscle with the
deltoid consisting of at least seven independently activated segments of muscle. The
results also indicate that the number of independently activated segments found in
any one muscle is reliant on the number of different tasks that the muscle has had to
perform. In general, an increase in the number of tasks for a particular muscle leads
to an increase in the number of independently activated segments within that muscle.
For instance, in other studies from this laboratory (Paton & Brown, 1994; Paton &
Brown, 1995b), six independently activated segments were found for the pectoralis
major and the latissimus dorsi. The number of independent segments was equal to
the number of electrode sites (six) for both muscles. In these studies seven different
static tasks involved segments ofthe latissimus dorsi with 14 involving segments of
the pectoralis major. The number of static tasks (for example) that involved
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segments ofthe pectoralis major in the second experiment was four (flexion 25 and
75% MVC, extension and adduction) with three (extension, adduction and flexion
75% MVC) involving segments ofthe latissimus dorsi. It was originally thought
that this number of tasks would be adequate to show independent activation patterns
from all tested segments of these muscles. In retrospect, the comparative decrease in
the number of motor tasks has led to a decreased number of independently activated
segments when compared to previous work (Paton & Brown, 1994; Paton & Brown,
1995b). In contrast, the deltoid, as stated, exhibited independent segmental
activation patterns from all tested segments (seven). Again in regard to the static
tasks, the deltoid, or segments thereof, were involved in all six static tasks. As
mentioned previously this is one more functional segment than that found in
previous work (Wickham & Brown, 1998) where only two static tasks (shoulder
joint abduction and adduction) were involved.

In further comparisons ofthe deltoid to the pectoralis major and the latissimus dorsi,
the greater degree of independent segmental activation within the deltoid muscle
mass may also be due to the deltoid having to undergo a greater adaptation to

different movement patterns, being on three sides of a joint, with the upright posture.
Hence evolutionary pressures may have had more of an impact on deltoid function
than the pectoralis major and the latissimus dorsi. For instance, the pectoralis major
and the latissimus dorsi do not produce shoulder joint abduction motions and hence
less 'evolutionary pressure' for these muscles to adapt to new requirements has been
imposed. It is hypothesised that evidence for this assumption is apparent in the
staggering of segmental insertion points, particularly the distal humeral attachment
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ofthe D 3 deltoid segment insertion point. Segment D 3 m a y have acquired a greater
muscle length and a multipennate architecture due to the shoulder "freeing up" and
developing abduction motions which were not prevalent in quadrupedal animals
(Oxnard, 1967). Documented increases in the mass and gradual protrusion laterally
ofthe acromion over the underlying humerus and the distal migration ofthe deltoid
tuberosity from primitive mammalian species up to man have also been illustrated
(Inman, Dec, Saunders, & Abbott, 1944). Furthermore, the superior attachment of
D4 may have been the original location on the humerus that the deltoid assumed in
quadrupedal animals. These structural changes over time may imply an inheritance
of acquired characteristics; a viewpoint once advocated by both Lamarck (Lamarck,
1984) and Darwin (Darwin, 1859) (pangenesis) and only recently coming back into
vogue particularly with research focusing on the immune system (Steele, Lindley, &
Blanden, 1998). Equivocally, other research has found that muscle activity plays no
role in the migration of a muscle attachment (Dorfl, 1980; Dysart, Harkness, &
Herbison, 1989; Grant, Buschang, Drolet, & Pickerell, 1981). These above
experiments demonstrated that changing either the direction or magnitude ofthe
force that an attached structure (eg; a ligament) exerts on the periosteum does not
effect the migration of that structure. In any case further factors involved in the
greater degree of independent segmental activation within the deltoid muscle mass is
undoubtably its positioning on three sides of a joint (anteriorly, posteriorly and
laterally to the shoulder joint) and its greater degree of anatomical segmentation due
possibly to evolutionary pressures.
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T o diverge further along similar evolutionary lines, early anatomical work has
claimed that the pectoralis major and pectoralis minor stemmed from a common
premuscle mass; 'law of separation' (Lewis, 1910) as cited in (Shinohara, 1996). To
extrapolate on this assumption, it is credible that an increasing complexity of
possible movements 'breeds' more specialised muscle adaptations that may result in
the divergence of a single muscle into two separate muscle classifications. This
would mean that neuromuscular compartments (see Chapter Two) that have been
identified in some muscles (Armstrong, Rose, Vanner, & Bakker, 1988; English,
1984; Gordon & Richmond, 1991; Herring, Sola, Huang, Zhang, & Hayashida,
1993; Richmond, MacGillis, & Scott, 1985; Segal, 1992) may be in the process of
diversifying into separate entities given time and appropriate motor task
specialisation. This speculation is given some credence in light of a study by Lewis
(Lewis, 1962) as cited in (Peters, 1989). Specifically, they found that in primitive
Australian marsupials (brush and ring-tailed possums) the lateral gastrocnemius and
the soleus were unified whereas in kangaroos (increased locomotor specialisation;
leaping and bounding) these two muscles have become separate entities. These
observations suggest a mechanism by which muscle numbers can increase by the
splitting away of compartments from their parent muscles when increasingly more
independent motor control tasks are presented. Furthermore, compartmentalisation
may allow for specialisation of muscle function by diversifying the fibre
architecture, muscle attachment points, and regionalisation of muscle fibre types in
different compartments (Peters, 1989). However, it is acknowledged that at this
stage human muscles are unlikely to be in the process of diversifying into separate
entities given the lack of evolutionary pressure on muscle function.
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A factor that m a y have been thought a necessity for independent segmental
activation was a definitive relationship between the designated segments and discrete
primary nerve branch patterning to each of these segments. Indeed, the evidence of
multiple primary nerve branches going to differing areas (but not clear evidence to
individual segments) in each ofthe three muscles did not totally exclude this factor.
However, it is ofthe authors opinion that no matter how anatomically and/or
neurologically partitioned a muscle appears to be based on its fibre architecture and
primary nerve branching at the muscle level, the motoneuron pool may still all be
activated as a single entity at the spinal cord level. Hence, independent segmental
activation patterns would be very much reliant on potential differences in synaptic
input from predominantly corticomotoneuronal cell axons synapsing on the
motoneuronal cell bodies ofthe three muscles. From the number of
electromyographic studies revealing functional differentiation within the three
muscles investigated (Paton & Brown, 1994; Paton & Brown, 1995a; Ringelberg,
1982; Scheving & Pauly, 1959; Shevlin, Lehmann, & Lucci, 1969; Wickham &
Brown, 1998) it would seem unnecessary for the primary nerve branching to
correspond to any obvious anatomical partitioning in order to display a functional
segmentation. This is one reason why primary nerve branching was not an
anatomical criterion for segment classification.

The degree to which the pectoralis major, latissimus dorsi and the deltoid have
shown independent segmental activation patterns has questioned the applicability of
the size-principle (Henneman, Somjen, & Carpenter, 1965) to account for the
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activation patterns of motor units within segments of multifunctional muscles. With
the activation patterns of segments shown to be task specific it is obvious that the
size-principle (Henneman et al, 1965) and also the notion of a "common drive"*
(DeLuca & Erim, 1994) to the motoneuron pool of a multifunctional muscle have
been invalidated. Alternately, Henneman's size-principle may be operating at a
segmental level and not on the entire population of motor units within the one
muscle. For instance, the size-ordered recruitment of motor units may be apparent
within each functional segment of muscle with motor units within these segments
being recruited from smallest to largest. Accordingly, it is hypothesised, that the
degree of independent activation within a muscle in most motor tasks is not apparent
at the single motor unit level in which each motor unit of a muscle could be
independently activated. This would place an unnecessary computational burden on
the central nervous system and the elegant functional simplicity ofthe size principle
would be wasted. It is acknowledged, however, that in some motor tasks only a
small amount of muscle tissue may be needed to perform that particular task and
hence only involve a few motor units. This would be apparent in small muscles of
the fingers or possibly muscles controlling eye movements that have limited
numbers of total motor units and where low level force and very fine motor control
is required. To reiterate, only those motor units needed to perform a movement
efficiently are recruited and in the majority of cases this extends beyond the level of
the single motor unit. For example, if motor unit estimates from the tibialis anterior

'A common drive assumes that all motoneurons within a pool receive the same (common) synaptic
input so that the uniquefiringpatterns of motor units are not dictated by separate command signals
but by individual differences in motoneuron size in accordance with the size principle.
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(445) and the gastrocnemius (579) (Feinstein, Lindegard, N y m a n , & Wohlfart, 1955)
were extrapolated to the three shoulder muscles', independent activation of each
single motor unit would amount to approximately 500 functional segments of muscle
tissue within, for instance, the deltoid. Although significant (p<0.05) differences in
the activation patterns (peak firing rates) of adjacent motor units within the deltoid
have been found (Herrmann & Flanders, 1998) (see Chapter Two) it is not believed
that this would be apparent for every single motor unit within this muscle or any
other muscle.

Furthermore, technical difficulties would obviously deter any attempt to establish
whether independent activation patterns were apparent from each individual motor
unit with the obvious ridiculous amount of intramuscular electrodes needed and
noise created. Additionally, the overlapping of motor unit territories would further
complicate results. In summary, the degree to which the pectoralis major, latissimus
i

dorsi and the deltoid can exhibit measured independent activation patterns is
dependent on the amount of task specialisation and technical recording aspects ofthe
EMG signal.

' A s motor unit estimates were not found in the literature for the three muscles in question estimates
from other skeletal muscles, although somewhat smaller, give at least a general estimate for the
number of motor units to be found within the three muscles studied in this thesis.
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Major Findings and General Summary
Major Findings
• The deltoid consists of seven anatomically defined segments, however, only four
and one segment respectively can be ascribed to the pectoralis major and the
latissimus dorsi based purely on anatomical criteria.
• No apparent relationship exists between designated anatomical segments and the
primary nerve branch patterning to the three muscles, hence each segment does
not receive its own individual primary nerve branch.
• A particular segments activation pattern is dependent on the orientation of its
line of action in relation to the direction ofthe intended movement with
segments with more efficient lines of action being activated first (prime movers)
or last (primary antagonists).
• A sequential activation of anatomically adjacent segments (wave of activation) is
apparent in segmental onset times which suggests a modus operandi in which the
central nervous system may control movement.
• The pectoralis major consists of at least four functional segments, the latissimus
dorsi also consists of at least four functional segments whilst the deltoid consists
of at least seven functional segments.
• The labelling of prime movers, synergists and antagonists (terms generally
relating to whole muscle functioning) also apply to segments of a muscle.
. Antagonist segments, like agonist segments, can be split into two sub-categories;
primary antagonist segments and secondary antagonist segments. If agonists can
have two subcategories (prime movers and synergists) why not antagonists?
• Similar neuromotor control strategies are used in dynamic and static tasks.
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•

A novel four types of E M G waveforms have been identified for agonist and

antagonist segments during fast dynamic tasks; a two non-continuous burst
pattern, a two continuous burst pattern, a one burst pattern and a one continuous
burst pattern.
• The classical triphasic EMG burst pattern is not valid in describing the EMG
waveforms across the breadth ofthe pectoralis major, latissimus dorsi and the
deltoid.
• The Equilibrium Point Hypothesis (Latash, 1994) does not apply to the entire
breadth of an antagonist muscle (deltoid) but only applies to the primary
antagonist segment/s.

General Summary

The results of this thesis have further questioned the classical tenet that a muscle and
its motoneuron pool act as a single homogenous system governed by a simple
control scheme (Henneman et al., 1965). This point of view being strongly reliant
on the notion that a single muscle representing an "anatomical entity" also
corresponds to a single "functional entity". With the pectoralis major, latissimus
dorsi and the deltoid possessing multiple lines of action thus enabling diverse
mechanical actions on the upper limb, a mechanistic viewpoint would hence not
ascribe these muscles as constituting single functional entities. To further
extrapolate on this philosophy, the abundance of functional differentiation evident
within these muscles' segments could be perceived as being equivalent to the
selective recruitment of different anatomical muscles; or more aptly, the selective
recruitment of "muscles within muscles".
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CHAPTER EIGHT
Appendices
Appendix A
University of Wollongong

D E P A R T M E N T OF BIOMEDICAL SCIENCE
Electromyography Laboratory

SUBJECT INFORMATION P A C K A G E
ITEM1: PROJECT OBJECTIVES
The aim of this project is to describe the activation patterns and functional roles of
segments during static and dynamic shoulder joint contractions.

ITEM 2: RATIONALE
Current theories on the control of h u m a n movement supposedly account for whole muscle
function. Based on ongoing research in our laboratory it is the researcher's belief that
segments ofthe same muscle m a y be operating under different control strategies employed
by the central nervous system.

ITEM 3: TEST PROCEDURES
Testing will be performed on two separate occasions (Experiment 1 and 2) spaced
approximately 9 months apart. This testing will involve the application of miniature
surface electrodes placed on the shoulder, back and chest in order to assess muscle function
from these muscles. These electrodes are placed on the skin so there is no puncturing ofthe
skin surface. Electromyographic signals will then be recorded while the subject performs
various movements ofthe shoulder joint against resistance. The movements for the 1st
experiment include shoulder joint abduction (moving arm outwards away from the side of
the body), adduction (moving arm inwards towards the side ofthe body), flexion (moving
the arm forward) and extension (moving the arm backwards). These movements will be
static (no actual movement) with an effort level of 7 5 % of m a x i m u m . However, prior to
each movement a maximal effort will be obtained for the subsequent movement to follow
whereupon ten trials will be recorded for that particular movement. Total testing time for
the 1st experiment will be 4-5 hours. The 2 n d experiment will involve fast dynamic (actual
arm movement) shoulder adduction contractions against relatively light loads (max 15kgs).
A total of approximately 150 shoulder joint contractions will be performed in total with 10
seconds rest in between each contraction. Total testing time will be 2 m hours.

ITEM 4: RISKS AND DISCOMFORTS
Before the application of electrodes, the electrode sites will be shaved and abraded with 3 D
preparation tape to remove dead hair and skin. Ethanol will then be wiped over the sites to
remove any grease. This procedure will produce mild discomfort. It is possible that mild
muscle fatigue m a y occur due to the repetitive shoulder motions.

ITEM 5: INQUTRES
Questions concerning the procedure and /or rationale used in this investigation are welcome
at any time. Please ask for clarification of any point which you feel is not explained to your
satisfaction. Your initial contact is the person conducting the experiment (James Wickham,
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phone 214020 or D r M a r k Brown, phone 214124). Subsequent inquires m a y be directed to
the Secretary ofthe H u m a n Ethics Committee on phone number 214457.

ITEM 6: FREEDOM OF CONSENT
Participation in this project is entirely voluntary. Y o u arefreeto deny consent before or
during the experiment. In the later case such withdrawal of consent should be performed at
any time you specify, and not at the end of a particular trial. Your participation and /or
withdrawal of consent will not influence your present or future involvement with the
University of Wollongong. In the case of student involvement, it will not influence grades
awarded by the University. Y o u have therightto withdraw from the experiment, and this
right shall be preserved over and above the goals ofthe experiment.

Yours Sincerely,

James Wickham.
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Appendix B
University of Wollongong

D E P A R T M E N T OF BIOMEDICAL SCIENCE
Electromyography Laboratory
Informed Consent
Chief Investigator- James Wickham (PhD Student)
D r M a r k B r o w n (Senior Lecturer)
SupervisorThe researchers conducting this experiment support the principles governing both the
ethical conduct of research, and the protection at all times ofthe interests, comfort and
safety of subjects. This form and the accompanying Subject Information Package are given
to you for your o w n protection. They contain a detailed outline ofthe experimental
procedures, and possiblerisks.Your signature below indicates six things:
(1) you have received the Subject Information Package.
(2) you have read its contents.
(3) you have been given the opportunity to discuss the contents with one ofthe
researchers prior to the commencing ofthe experiment.
(4) you clearly understand the responsibilities and risks.
(5) you voluntarily agree to participate in the project.
(6) your participation m a y be terminated at any point in time without jeopardising
your involvement with the University of Wollongong.
Any concerns, complaints, or further questions may be directed to Dr Mark Brown
(Department of Biomedical Science: phone 214124). Subsequent inquires m a y be directed
to Karen M c R a e (Secretary ofthe H u m a n Ethics Committee, phone 214457)
Last Name: Given Name:
Age:

H o m e Phone

Actress:
Name and phone number of contact person in case of an emergency:
Name:_ Phone
Family Doctor: Phone
Subject Signature:. . Date
Witness: Witness Signature
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Appendix C
Bodyfat Assessment
Subj ect:
Height:
Weight:
Biceps skinfold
Triceps skinfold
Subscapularis skinfold
Supraspinale skinfold
Total skinfold thicknesses
% Bodyfat

Biceps Brachii: The skinfold is located on the ventral side ofthe upper arm (over the
biceps), at the marked level halfway between the acromion and the olecranon process. The
crest ofthe skinfold is parallel to the long axis ofthe upper arm. The forearm should be
supinated.

Triceps: The skinfold is located on the dorsum ofthe right upper arm (over the triceps), at
the marked level halfway between the acromion and the olecranon process. The crest ofthe
skinfold is parallel to the long axis ofthe upper arm.
Subscapular: The subscapular skinfold is measured about 1cm below the lower angle of
therightscapula with the subject standing in a relaxed position. The crest ofthe skinfold is
medially upward and laterally downward at about 45 degrees.

Suprailiac: The fold is measured about 3cm above the iliocristal, in the mid-axillary line.
The crest ofthe skinfold is oblique.
As outlined by Durnin and Womersley (1974)
Muscle

Specific Skinfold Thickness

Latissimus Dorsi
Pectoralis Major
Deltoid
Total
Average
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Pectoralis M a j o r - skinfold site is located immediately superior to the nipple on a line
extending from the nipple to the anterior axillary crease.
Latissimus Dorsi - skinfold site is located in the middle of segment 3 electrode site with
the fold taken in the direction ofthe muscle fibres.
Deltoid - skinfold site is located immediately inferior to the acromion process in the middle
of segment D 3 electrode site with the fold taken in the direction ofthe muscle fibres.
Specific skinfold's for the purposes ofthe T experiment.

